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ABSTRACT 
Multi-phase ac motor drives are strong candidature for variable speed application, 
due to numerous advantages that they offer when compared to their three-phase 
counterparts. Variable speed induction motor drives without mechanical speed sensors at 
the motor shaft have the attractions of low cost and high reliability. To replace the sensor, 
information of the rotor speed is extracted from measured stator currents and voltages at 
motor terminals. In most drive systems (speed and torque controlled), closed loop control is 
used in which shaft encoder is used for measurement of speed/position of the motor. 
However, in a compact drive system it is very difficult and expensive to use speed sensors 
for speed measurement (e.g. submarine applications). The cost of system can be reduced by 
eliminating the speed sensor and connection cables, and so the consistency and ruggedness 
of the overall drive system increases. Vector-controlled drives require estimating the 
magnitude and spatial orientation of the fundamental magnetic flux waves in the stator or in 
the rotor. Open-loop estimators and closed-loop observers are used for this purpose. They 
differ with respect to accuracy, robustness, and sensitivity against model parameter 
variations. The second part of this thesis analyses operation of an Open-loop, Model 
Reference Adaptive System (MRAS), Artificial Intelligence(AI), Luenberger Observer and 
Kalman Filter Observer based sensorless control of vector controlled five-phase induction 
machine and series-connected two five-phase machines with current control in the 
stationary reference frame. The sensorless operation of a three-phase induction machine is 
well established and the same principle is extended in this thesis for a five-phase induction 
machine and series-connected two five-phase machines. Performance, obtainable with 
hysteresis current control, is illustrated for a number of operating conditions on the basis of 
simulation results. Full decoupling of rotor flux control and torque control is realised in 
both type of configuration of the drive systems. The independent control of each five-phase 
motor in a five-phase two-motor drive system using a Volt per Hertz control and vector 
control scheme is also realized. Dynamics, achievable with a five-phase and series-
connected two five-phase vector controlled induction machines, are presented to be 
essentially identical to those obtainable with a three-phase induction machine. 
Finally, an experimental rig is described, which utilises a five-phase inverter, five-
phase motor and DSP TMS320F2812. An analysis of the motor's performance within the 
five-phase drive is presented and it is compared with performance of a three-phase motor 
drive. The experimental results fully verify the existence of full decoupling of rotor flux 
control and torque control of five-phase drive using sensorless schemes. 
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Chapter 1: Introduction 
CHAPTER 1 
INTRODUCTION 
1.1 Multi-phase induction motor drives 
Variable speed electric drives predominately utilise the three-phase machines. 
However, since the variable speed ac drives require a power electronic converter for their 
supply (in vast majority of cases an inverter with a dc link), the number of machine phases is 
essentially unlimited. This has led to an increase in the interest in multiphase ac drive 
applications, since multiphase machines offer some inherent advantages over their three-
phase counterparts. A number of interesting research results has been published over the years 
and detailed reviews are available. Major advantages of using a multi-phase machine instead 
of a three-phase machine are higher torque density, greater efficiency, reduced torque 
pulsations, greater fault tolerance, and reduction in the required rating per inverter leg (and 
therefore simpler and more reliable power conditioning equipment). Additionally, noise 
characteristics of the drive improve as well. 
This thesis deals with a detailed analysis of modelling and control aspects for two 
specific drive configurations: single five-phase motor drive and five-phase two-motor drive 
(two five-phase machines connected in series). In both cases the drives are fed using realistic 
supply, a current controlled pulse width modulated (PWM) VSl. One especially important 
aspect of this thesis is the sensorless control of five-phase and two five-phase machines 
connected in series. 
First of all, an appropriate mathematical models and current control schemes as 
applicable to the case of single multi-phase motor drives and also series-connected stator 
windings of multi-phase machines are presented. Current control algorithm to be used is 
hysteresis method in stationary reference frame. The drive systems consisting of induction 
machines are investigated. Various sensorless control algorithms are investigated. 
1.2 Basic configuration of the multi-phase drive systems 
In conventional electric drives, three-phase machines are used because of their wide 
availability. However, a variable speed drive application invariably requires a power 
electronic converter to supply an electric machine. In ac machine (induction machines. 
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permanent magnet synchronous machines and synchronous reluctance machines) drive 
applications, inverters are the most common choice. If power inverters are used to supply the 
machines then any number of phases can be used just by adding additional legs. The 
advantages of using multi-phase machines instead of three-phase machines are discussed in 
Levi et al (2003c), Jones et al (2003a) and Jones et al (2003b). 
This thesis deals with two specific drive systems. The first one comprises a five-phase 
induction machine supplied from a single five-phase VSI. The second one comprises two 
five-phase machines connected in series with an appropriate phase transposition supplied 
from a single five-phase VSI. The basic idea behind the concept was explored in Jones 
(2005). It was concluded that, regardless of the number of phases, only two stator currents are 
required for decoupled dynamic flux and torque control (vector control) of an n-phase ac 
machine. This means that the remaining currents can be used to control the other machines, 
provided that the stator windings of all the machines are connected in series. However, in 
order to enable decoupling of flux/torque control of one machine from all the other machines 
in a group, it is necessary that flux/torque producing currents of one machine do not produce a 
rotating field in all the other machines. This requires introduction of an appropriate phase 
transposition in series connection of stator windings. Thus by series connection of the motor 
with an appropriate phase transposition and using vector control principle it is possible to 
control independently all the machines in the group. 
Current controlled PWM voltage source inverter is the most frequent choice in vector 
controlled ac drives as decoupled flux and torque control by instantaneous stator current space 
vector amplitude and position control is achieved relatively easily. One can use either a 
current regulated VSI or a current source inverter (CSI). In CSIs a large inductor is used at the 
dc side, thus limiting the available rate of change of current. It is for this reason that a 
standard solution for vector controlled drives utilises current regulated VSI. All the current 
control techniques for VSIs essentially belong to one of the two major groups. The first group 
encompasses the current control methods that operate in the stationary reference frame while 
the second group includes current control techniques with current controllers operating in the 
rotational frame of reference. This thesis will examine applicability and features of current 
control technique in the stationary reference frame, namely hysteresis PWM for single five-
phase and two-motor five-phase drives. 
Experimental work in the thesis concentrates on a reactive power based sensorless 
control of a vector controlled five-phase induction motor drive system. 
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1.3 An overview of vector control of induction machines 
Vector control has become the most popular control method of induction machines 
during the last 20 years. It is nowadays widely accepted by the drive manufacturers and there 
are numerous products on the market that utilise this control principle [Vas (1998)]. Vector 
control enables induction machines to be utilised in applications where DC machines used to 
be applied in the past. The advantages of induction machines over DC machines are lower 
cost of purchase and maintenance, better reliability in hostile environment, higher efficiency, 
simplicity, ruggedness, absence of brushes, etc [Vas (1998)]. However, vector control method 
requires more sophisticated hardware and software than the control system of DC machines. 
Vector control principles utilise reference frame transformation to refer three phase 
quantities to a rotating reference frame with fictitious direct and quadrature axes. The new set 
of differential equations in the new reference frame does not contain time-var\ing inductances 
and the decoupling of torque and flux control can be achieved by appropriate selection of the 
angular speed of rotation of the reference frame [Novotny and Lipo (1996), Krause et al 
(1995)]. Torque and flux of the machine can he then controlled independently with two 
different current commands, this being analogous to torque and flux control in DC machines 
that are used for high dynamic performance. In simple terms, vector control can be defined as 
a set of control algorithms that enable conversion of an AC machine into its equivalent DC 
machine counterpart from the control point of view. The means for controlling torque and 
flux in the rotating reference frame are q-component and d-component of the stator current. 
There are three possibilities of vector control in induction machines [Trzynadlowski (1994)]: 
• Rotor flux oriented control, in which the reference frame is fixed to the rotor flux space 
vector; 
• Stator flux oriented control, with reference frame being fixed to the siator flux space 
vector; 
• Air-gap flux oriented control, with air-gap flux space vector being used for alignment of 
the d-axis of the reference frame. 
The rotor flux oriented control is the most commonly used one among the three, since 
it requires the least complicated control system configuration [Leonhard (1996)]. Rotor flux 
oriented control can be realised using direct and indirect control methods for achieving 
orientation. In one of the direct methods, flux sensors are used to measure the air-gap flux 
components. These then can be used together with other measured electromagnetic quantities 
such as phase currents to calculate the magnitude and position of rotor flux. The information 
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regarding instantaneous rotor flux space vector position is required for co-ordinate 
transformation, since the control system operates in a fictious rotating d-q reference frame, 
while the machine is supplied with physical three-phase currents in stationary reference 
frame. The information regarding rotor flux magnitude can be used to estimate the motor 
torque. By creating closed loop rotor flux and torque control, one is then able to generate 
references for stator d-q axis current components. This scheme reduces the sensitivity of 
control to parameter variation effects in the machine [Trzynadlowski (1994)]. However, the 
high cost of flux sensors and the vulnerability of these devices in hostile environment are the 
shortcomings of the scheme. Another method of direct field orientation utilises measured 
stator currents and measured or reconstructed stator voltages in the process of rotor flux 
position and magnitude estimation. The scheme is sensitive to variation in the stator resistance 
and in general is not applicable at low and zero speed due to integration problems that occur 
around zero frequency. In the indirect method, speed position transducers are used to measure 
the rotor speed position, which is then used for rotor flux position determination together with 
reference stator current d-q axis components. This scheme gives a better performance at low 
speed but the sensitivity of the control system to parameter variations is increased 
[Trzynadlowski (1994)]. 
Regardless of whether direct or indirect field orientation method is applied, control 
system generates stator current commands and current controllers are required. Current 
control can be carried out in stationary reference frame (current-fed machines) or rotating 
reference fi"ame (voltage-fed machines). In the latter case, two co-ordinate transformations 
(for measured stator currents and commanded quantities that are now phase voltage 
references) are necessary. 
The idea of rotor flux oriented control can be extended to stator flux oriented control. 
There are many similarifies between the two schemes and stator flux oriented control enables 
decoupling of torque and flux control as well. Flux and torque are again controlled 
independently using d-q axis components of the stator current. However, the essential 
difference between vector control with rotor flux orientation and the stator flux oriented 
control is the fact that stator flux oriented control requires an additional decoupling circuit. 
The simpler configuration (without decoupling circuit in the case of current fed induction 
machine) has made the rotor flux oriented control preferable and that is the reason why rotor 
flux oriented control has been in the focus of research for such a long time [Trzynadlowski 
(1994)]. Recent development of high-speed and low-cost microprocessors has however made 
the realisafion of stator flux orientation possible, and stator flux oriented control of a current-
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fed induction machine has been studied in detail and implemented successfully [Xu et al 
(1988a and 1988b)]. However, the industry has not accepted stator flux oriented control as a 
viable alternative to rotor flux oriented control to this date. The increase in complexity of the 
control system offsets some advantages, such as easier determination of co-ordinates of the 
reference flux vector and reduced dependency of control system on accurate knowledge of 
machine's parameters. In addition to higher complexity, there are some limits concerning 
achievable torque, this not being the case for rotor flux orientation [Trzynadlowski (1994)]. 
The air-gap flux oriented control scheme also requires an additional decoupling 
circuit. However, when the flux sensor is used for measuring the air-gap flux as in one of the 
direct control methods, this control scheme could be advantageous [De Donker et al (1990)]. 
Once more, though, commercial products with air-gap flux oriented control are not available 
on the market. 
In general, the main characteristic of vector control is the independent and indirect 
control of torque and flux by two components of the stator current in a rotating reference 
frame. This control characteristic is the main advantage of vector control that, together with 
the low cost, compactness and efficiency of AC machines, makes the application practical in 
areas where only DC machines were used previously. However, this is achieved by using co-
ordinate transformation and current control loops, which make the control system more 
complicated. The main characteristics and shortcomings of vector control may be summarised 
as follows [Vas (1998)]: 
1. In addition to other controllers such as speed controller, current controllers (in stationary 
or rotating reference frame) are required. 
2. At least one co-ordinate transformation (or two, if current control is in the rotating frame) 
has to be executed on-line, in real time. 
3. A separate PWM block is required for the inverter control (except when hysteresis current 
control is used). 
4. A decoupling circuit is required, unless rotor flux oriented control with current control in 
stationary reference frame is used. 
5. A precise estimate of the instantaneous position of the selected flux space vector is 
necessary. 
6. Depending on the selected control system configuration, flux and torque estimates may or 
may not be required. 
7. In most of the methods of achieving field orientation, information regarding rotor speed 
(or position) is required for the orientation angle calculation. 
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8. All the schemes are to some extent affected by variation of induction machine parameters. 
1.4 Sensorless Control of Induction Machines 
One issue that has attracted a lot of interest during the last decade is the possibility of 
estimating the rotor speed (and/or position) rather than measuring it. The information 
regarding machine's speed is required not only for closed loop speed control, but, in many 
cases, for orientation purposes also. The utilisation of speed sensor reduces the reliability of 
the drive and increases cost. Numerous speed estimation schemes have been suggested 
recently with the idea of eliminating the speed sensors. The speed sensorless control generally 
requires more complex hardware configuration and control algorithms. An ideal solution to 
the problem of speed estimation is still not in sight and is unlikely to exist [Vas (1998)]. 
The speed control is quite common in the most induction motor applications. 
Traditionally the speed information of the induction motor is measured or calculated using a 
rotor position / speed sensor. The resolvers and rotary encoders are the most widely used 
types, which are classified into two categories. One is the absolute optical encoder that can be 
used to sense the exact rotor position while the other one is the incremental optical encoder 
that is used for the calculation of rotor speed only. One of the advantages of installing speed 
sensors is that the measurement is almost independent of the machine control itself. The 
precision can be very high when the high resolution sensor is used. So it is regarded as an 
accurate method for the speed measurement. However, the speed sensors are difficult or not 
allowed to install due to the space limitation and several environment conditions in some 
applications. The installation increases the possibility of failures due to the extension of shaft. 
Another most important issue is the cost of the speed sensor, which takes a large portion of 
total cost for the auxiliary equipment of induction motor control. In the last few years, a lot of 
research has been done on the techniques for eliminating the physical speed or position sensor 
and replacing it with speed estimation schemes. The speed estimation basically is the 
algorithm that can infer the measurement required from other more easily available 
measurements like voltages and currents. The speed estimation techniques that have been 
developed can be classified into three categories. The first one is using the motor back EMF 
to determine the rotational speed of the rotor. The stator or rotor flux is estimated from the 
stator voltage equations and the speed is obtained using the estimated flux linkages and the 
rotor voltage equations. The model reference adaptive system (MRAS) is an alternative 
method that uses the rotor flux estimated from stator voltage equations as the reference model 
and the rotor voltage equations as the adaptive model. The speed is then obtained by the use 
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of an adaptive law having the cross product of the two estimated flux linkages as inputs. The 
idea of using imaginary power as the basis of speed estimation has its own advantages since 
the speed estimator does not involve pure integrations to get the flux linkages. The method of 
this category performs very well except in very low speed range because the state voltages 
provided by the inverter are difficuh to measure and the errors are relatively high for the low 
speed operation. The second technique is based on detecting the rotor slot harmonics in the 
stator currents. The effect of rotor slot harmonics on the currents flowing into the machine is 
used to detect the rotor speed. This method works well above some minimum speed and the 
algorithm is quite complex compared with other methods. And the last technique is based on 
detecting the saliency in the rotor. This technique measures the response of the machine when 
a persistent, high frequency excitation, distinct from the fundamental excitation is applied via 
the inverter. According to the type of high frequency excitation and the signal processing 
technique used to estimate the rotor or flux position, they can be classified into two main 
categories. One is injecting a carrier signal superimposed on the fundamental excitation and is 
generally distinct from the PWM switchmg excitation created by the inverter. The other one is 
creating an excitation by the PWM switching of the inverter by modifying modulation signals. 
The advantage of this method is that the detection of rotor position or speed is almost 
independent of the actual speed. Hence, it can be used even for the zero speed measurement. 
The disadvantages are the distortion of the voltages, currents and flux linkages in the machine 
due to the introduction of extra high frequency signals. Also the degree of saliency depends 
on the machine itself and the effect is not significant especially for the induction machines. 
The full-order observer system is an alternative method of the first category. It has received a 
lot of attentions since the currents and flux linkages in the motor are always needed for the 
control. Especially when they are used together with the adaptive speed observer, an effective 
sensorless control can be formulated. The definitions of flill-order observers have been shown 
in some papers. Some of them used the stator currents and rotor flux linkages as the state 
variables and some used the stator and rotor flux linkages as the state variables. The machine 
model in terms of the chosen state variables is derived first and then the full-order flux 
observer model is defined. The adaptive speed estimation is proposed based on the chosen 
error function, in which actual stator currents and the estimated flux linkages are used. In the 
paper by Hisao Kubota, the stator currents and rotor flux linkages are used as the state 
variables in the stationary reference frame. The state observer, which estimates the stator 
current and the rotor flux linkages together, is defined in terms of the estimated states and the 
observer gains as the difference between the estimated and actual stator currents. The 
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Lyapunov's theorem is utilized to drive the speed adaptive mechanism. The observer gain 
matrix is calculated so that the observer poles are proportional to those of the motor itself. 
The adaptive observer is stable in usual operation since the induction motor itself is stable. 
The direct field oriented control without speed sensors is used for the experiments and a 
particular set of PI control parameters is selected in the paper for the speed adaptive 
estimation. In the paper by Geng Yang, similar full-order observer is defined and the form of 
observer gain is even exactly the same as that in. The idea of MRAS is applied, in which the 
motor model is considered as a reference model and the observer model as an adjustable 
model. The error between the states fi"om two models is used to derive an adaptive mechanism 
to adjust estimated speed. The error fiinction is chosen based on the Popov's criterion. The 
estimation of stator resistance is also proposed. A vector-controlled speed sensorless system is 
used for the experiments and a constant gain is chosen for the observer. The full-order flux 
observers for sensorless induction motors are analyzed and designed, in which the stator and 
rotor flux linkages are chosen as the state variables. The angular speed of die reference fi-ame 
is included in the model equations, which means that the observer can operate in any 
reference fi-ame. The speed estimation is based on the component of the current estimation 
error that is perpendicular to the estimated rotor flux linkages. The speed adaptive observer is 
studied via small signal linearization using a synchronous reference frame in order to obtain a 
steady-state operating point. The transfer function from the estimation error of the speed to 
the estimation error of the current is derived and closed-loop transfer function between the 
estimated speed and actual speed is also derived. Certain expressions are shown in the thesis 
on the selection of speed-adaptation gain and observer gain. 
1.5 Research objectives 
The main objective of this research work is to implement and evaluate a h i ^ 
performance sensorelss vector control of a five-phase and two series connected five-phase 
induction motor drive. An open-loop, model reference adaptive system (MRAS), artificial 
neural network (ANN) and speed observer is employed to obtainvi flux and speed estimates 
needed to achieve field orientation and speed control. The torque and speed dynamic 
performance of such a sensoriess system depends on the degree of accuracy by which the 
different parameters of the machine are known. A study to determine the extent up to which 
the different parameters affect the speed holding capability, speed dynamic performance and 
speed loop stability of the sensorless drive has been therefore carried out. It will be shown 
that the rotor time constant T^ is the most influential parameter regarding speed estimate 
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accuracy and that an accurate knowledge of the stator resistance R^ is of paramount 
importance for attaining good speed loop bandwidths and for low speed operation. Therefore 
on line adaptation algorithm for stator resistance R^ and rotor time constant T^ is considered 
as a topic for future study. 
The important part of this research is directed towards the development of and 
implementation of digital signal processing algorithms in order to obtain reliable and accurate 
speed information. The advantages and limitations of sensorless methods of speed 
measurement will be fully discussed. The performance of each speed estimator is checked 
under fault condition. 
Finally the performance of both tuned and untuned sensorless system is to be compared 
between them and with a speed sensored system. Obviously the term performance has to be 
defined in order to carry out the comparison between sensored and sensorless system. 
Operation below base speed is assumed throughout the work and the analysis and 
implementation of the different sensorless methods for field weakening operation is 
considered as a topic for further study. 
The principal objectives of the research are: 
1. To cany out a comprehensive investigation of the modelling procedure for five-phase and 
five-phase two-motor series-connected drive systems. 
2. To investigate sensorless control methods for five-phase and five-phase two-motor series-
connected drive systems in the stationary reference frame, in conjunction with vector 
control and -with fixed voltage and fixed frequency supply. 
3. To evaluate the performance of the five-phase and series-cormectedfive-phase two-motor 
drives by performing detailed simulation studies in sensorless mode. 
4. To examine the performance of the different speed estimatoarfor parameter variations. 
5. To examine the performance of the different speed estimators tinder faulted condition. 
6. To verify theoretical concept experimentally on a single five-phase induction motor in the 
laboratory. 
1.6 Outline of the thesis 
The research is carried out using 2.0 horsepower induction machine and the control is 
implemented using a TI DSP (TMS320F2812). The organization of the thesis is as follows: 
The thesis is organised in eleven chapters. 
Chapter 1 gives an introduction to the research to be undertaken highlighting its main 
features and discusses the advantages and disadvantages of five-phase and series-connected 
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five-phase two-motor drive system. A brief overview of the overall structure of the system to 
be investigated is presented as well. Finally, the research objectives are set. 
Chapter 2 presents a literature survey in the areas of multi-phase motor drives with an 
emphasis on references published since Jones (2002) and Atif (2005). The most up-to-date 
developments in the areas relevant for this research work have been studied and are 
summarised in this chapter. The potential application fields of the multi-phase machine drives 
are considered, such as ship propulsion, more electric aircraft and safety-critical application 
areas. The current status and trends in five-phase motor drives are surveyed. Further, the 
research results focussing on the sensorless control of induction machine have been surveyed 
in this chapter. 
The first part of the chapter 3 is devoted to the modelling and control of a single five-
phase induction motor drive and it constitutes the basis for the discussion of the modelling 
and control of the series-connected five-phase two-motor drive system in second part of the 
chapter 3. The model of a five-phase induction machine in phase variable form and in an 
arbitrary common reference fi-ame is elaborated next. The basic design of a vector controller 
is presented and this controller is then used in dynamic simulations of drive systems ftirther 
on in this part of chapter and in subsequent part of chapter in conjunction with five-phase 
two-motor drive system. A brief review of different current control schemes, utilised in 
conjunction with three-phase VSIs, is also presented and the design of an analogue speed 
controller is reported. The procedure of current and speed controller parameter tuning in their 
discrete fonn is outlined. The same speed and current controllers are used in the single five-
phase, and five-phase two-motor drives in subsequent chapters. E>ynamic simulation results 
for the single five-phase induction motor drive are presented and analysed. The second part of 
the chapter 3 is dedicated to the modelling and control of the five-phase series-connected two-
motor drive system. The main aim of this part of the chapter is to investigate by simulation 
the possibility of independent control of two five-phase induction machines connected in 
series and fed usmg a single five-phase VSI. A novel mathematical model in state space form 
is used for the system of two five-phase induction machines connected in series (Atif 2005). 
The model is at first given in the phase variable form and is then transformed using 
decoupling transformation matrix to obtain set of decoupled equations. Decoupled model 
equations are fiirther transformed into at first stationary common reference fi-ame and then 
into arbitrary and rotor flux oriented reference fi-ames. Mathematical model of the two-motor 
drive clearly shows the existence of means for independent and decoupled dynamic control of 
the two series-connected motors. The principle of vector control of series connected five-
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phase two-motor drive is discussed next. Tlie simulation results of dynamic behaviour of 
indirect rotor field oriented five-phase two-motor drive system are then presented. The 
hysteresis current control schemes in stationary reference frame are utilised to control the 
current regulated PWM VSI. 
Chapter 4 presents a review of different methods of sensorless operation. Several 
alternatives for speed estimation are presented and discussed. In the view of the different 
alternatives a particular sensorless technique (based on a MRAS) is chosen and used for the 
experimentation of the research work. The chapter 4 also covers the theoretical analysis of 
simple and straight forward sensorless technique of speed estimation i.e. open-loop sensorless 
technique and four schemes for the same have been analyzed in this chapter. A detailed 
analysis is done for a scheme and the effect of parameter variations has been shown. Also the 
performance of speed estimator is judged under fault condition in transient, steady-state no-
load and load durations. The feasibility of each method is validated by simulation. 
Chapter 5 presents the analysis of four MRAS based sensorless speed estimation 
schemes. These are the methods which are used mostly due to accuracy obtain in speed 
estimation. A detailed comparison of performance of each scheme is also done. The viability 
of the different MRAS based sensorless scheme is proved by simulation. 
The emphasis of chapter 6 is on investigation of ANN based induction motor control, 
and six schemes for the same have been used in this chapter. This part of the chapter also 
discusses some issues involved with induction motor control using ANNs. The simulation 
results are presented throughout to support the theoretical findings. 
Chapter 7 explores two closed-loop speed estimations, first using the full-order flux 
observer and second using the Kalman filter. The process of designing a full-order flux 
observer system and Kalman filter observer are illustrated and the emphasis is given on the 
selection of observer gain and control parameters for the speed estimation. Appropriate 
parameters are chosen to make the system stable under motoring modes. The simulaticm 
results show the characteristics of the full-order flux observer and the Kalman filter, and the 
effectiveness of selecting parameters. A comparison of performance is done for superiority of 
the observer. 
Chapter 8 discusses the independent and decoupled control of five-phase two-motor 
drive system fed using a single five-phase current regulated PWM VSI. The developed set of 
equations is then used to simulate the drive system in order to evaluate its performance using 
different speed estimator and results are reported. The current regulation methods used to 
control the five-phase VSI feeding the two-motor drive is hysteresis technique in stationary 
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reference frame. The analysis under steady states no-load and load condition is done with 
speed estimator and results are presented. 
Chapter 9 presents the results of experimental investigation, which verify one of the 
theoretical findings of the preceding chapters. The details of the experimental rig are reported 
first. The experimental results of Volt per Hertz open-loop and closed-loop control of a five-
phase induction motor drive are reported for a number of transients (acceleration, deceleration 
and loading/unloading etc.). The sensorless control of indirect rotor field oriented control of a 
single five-phase induction motor drive is investigated next, using a DSP-based control 
system. The transients investigated are acceleration, deceleration, reversing and load 
application/rejection. 
Chapter 10 concludes the thesis by highlighting the contributions made by this work 
and also outlines some avenues for further research in this area. 
Finally, references are provided in Chapter 11. Drive data are listed in Appeiulix A 
and publications from the thesis are provided in Appendix B. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 Introduction 
Literature review of some of the relevant research in the areas of multi-phase 
machines and multi-motor drives has been detailed in Jones (M. PhiJ.-2002), Jones (2005) and 
Iqbal (2006). The various aspects covered have included advantages of multi-phase machines 
over their three-phase counterparts, modelling and control of multi-phase machines, three-
phase multi-motor drives, etc. This chapter reviews the latest progress made in the area of 
multi-phase machine drives, highlighting several other relevant aspects and addressing the 
features of the drives not covered in Jones (2002), Jones (2005) and Iqbal (2006). Although 
the references are available for drive phase numbers equal to five, six, seven, nine and even 
fifteen, the literature review focuses on five-phase and five-phase two-motor drives. The 
reasons for concentrating on these two drives are twofold. Firstly, the thesis examines these 
two specific drives only. Secondly, these are the two most frequently discussed drives in 
literature. 
The chapter gives an overview of the following aspects relevant for the thesis: 
application areas of multi-phase machines, the speed sensorless techniques for multi-phase 
induction machines, and the modelling and control of multi-phase and three-phase inverters. It 
additionally includes a review of the latest developments in five-phase and six-phase motor 
drives. 
2.2 Application areas of multi-phase machines 
Electric traction, ship propulsion, more-electric aircraft, hybrid electric vehicles and 
battery-powered electric vehicles have rapidly emerged during the last few years as the main 
potential application areas for multi-phase motor drives. The reasons behind this are primarily 
twofold. In high power applications (such as ship propulsion) use of multi-phase drives 
enables reduction of the required power rating per inverter leg (phase). In safety-critical 
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applications (such as more-electric aircraft) use of multi-phase drives enables greater fault 
tolerance, which is of paramount importance. Finally, in electric vehicle and hybrid electric 
vehicle applications, utilisation of multi-phase drives for propulsion enables reduction of the 
required semiconductor switch current rating (although these drives are not characterised with 
high power, low voltage available in vehicles makes current high). 
One particular interesting potential application of multi-phase motor drives is for an 
integrated starter/alternator in hybrid electric vehicles and ordinary vehicles with combustion 
engines. This idea enables replacement of two electric machines with a single machine. Due 
to its numerous good features, an induction machine is a candidate for this role. A single 
induction machine was proposed as the integrated starter-generator set in Miller et aJ (2001a, 
2001b) and Miller and Stefanovic (2002). A special method of control, termed pole-phase-
modulation (PPM) speed control, was developed for use in passenger hybrid electric car. An 
integrated starter-generator must suffice the very differing needs of both the starter (h i^ 
startmg torque at low speed) and the generator (wide speed constant-power range with fast 
voltage control). For this purpose, a nme-phase inverter was utilised and a nine-phase twelve-
pole induction motor with toroidal winding was reconfigured into three-phase four-pole 
machine under vector control conditions by using PPM. By using a multi-phase machine in 
conjunction with this discrete speed control method it became possible to meet the 
requirements for an integrated starter-generator. 
A six-phase permanent magnet (PM) synchronous motor with a specially designed 
stator and an outside rotor was investigated by Rattei (2001) for use in parallel hybrid electric 
vehicle drive for propulsion purposes in conjunction with internal combustion engine. The 
proposed motor nominal power was 8 kW at 2000 rpm and the maximum speed was 6000 
rpm. The stator and rotor structures were designed with two poles and ten poles, respectively. 
The proposed structure offers several advantages over conventional surface mounted 
permanent magnet synchronous machine. Another example of an electric vehicle related 
proposal for utilisation of a six-phase machine is the work of Jiang et al (2003), where a novel 
PWM technique has been proposed. The method was aimed at six-phase induction motor 
drives, with the stator winding consisting of two sets of three-phase windings which were 
used to form dual-star six-phase winding with separate neutral points. The idea behind the 
concept was to extend the constant-power speed range. The proposed sinusoidal PWM 
reduces the phase current and dc link current harmonics and thus can increase the battery life 
which forms a considerable fraction of the operating cost of an electric vehicle. 
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Simoes and Vieira (2002) have proposed a five-phase high-torque low-speed PM 
brushless machine, which can be used as an in-wheel motor arrangement for electric vehicles. 
Very much the same proposal is contained in Simoes et al (2001) as well. The machine is in 
this case of the so-called brushless dc motor design, meaning that the spatial distribution of 
the MMF in the air-gap is trapezoidal and the machine therefore requires square-wave 
currents for normal operation. 
As already noted, there is considerable ongoing research interest in the utilisation of 
multi-phase machine in safety-critical applications, such as more-electric aircraft fuel pump 
drives and flight control surface actuators. The conventional technology is to run the aircraft 
fuel pump from the engine gearbox. The fuel pumps are typically designed for maximum-
output fuel flow rate at low engine speed, which is the take-off condition. At high altitude the 
engine runs at very high speed but requires less fuel. Consequently, a fuel by-pass system is 
used to return the excess fuel into the tank. Thus a need is felt to have an independent variable 
speed electric drive for the fuel pump. One of the most important aspects of such drives is the 
fault tolerant property to meet the crucial high reliability requirement. A four-phase six-pole, 
16 kW, 15000 rpm PM machine was proposed by Mecrow et al (2003) to be used in more-
electric aircraft fuel pump drive. The four phases of tiie machine are supplied independently 
by four single-phase inverters. The four phases are essentially isolated physically, 
magnetically and thermally, leading to a fault tolerant high reliability motor structure. Only 
alternate stator teeth carry a winding in this type of PM machine. A comprehensive design of 
such modular multi-phase PM brushless machines for use in more-electric aircraft fiiel pumps 
and flight control surface actuators was presented by Ede et al (2002). The design is based on 
higher value of reactance so as to limit the short circuit current It was pointed out that the 
machines have to be overrated if they are to be used as feult tolerant structures. The 
overrating factors for four, five and six-phase machines are found to be 1.33, 1.23 and \2, 
respectively. Thus a six-phase machine is suggested to be the optimum choice. Green et al 
(2003) have highlighted the problem of using the position sensor in more-electric aircraft fiiel 
pump fault tolerant drive. The drive utilises a 16 kW, 13000 rpm six-phase permanent magnet 
motor with six independent single-phase inverters supplying each of the six phases. The 
authors proposed an alternative sensor-less drive scheme. The proposed technique makes use 
of flux linkage-current-angle model to estimate the rotor position. 
A comprehensive description of possible three-phase fault tolerant motor drive 
structures was given by Ertugrul et al (2002) for use in safety-critical applications such as 
aerospace, nuclear power plants, military and medical services. The proposed modular motor 
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drive (two-motor system with separate controllers and inverters for each machine) system 
configuration for three-phase permanent magnet ac motor increases the reliability through 
redundancy. Another proposed scheme is to feed the three windings of the three-phase motor 
from three single-phase inverters rather than a standard three-phase inverter. 
The use of multi-phase electric generator sets for providing power to electric drives in 
ship propulsion is being investigated as well. Calfo et al (2002) have presented the 
comparative study regarding the use of conventional turbo synchronous generator and 
specially designed synchronous generators for such an application. It was shown that by using 
multi-phase (fifteen-phase) generator system, there is no need for special phase shifting 
transformers, which reduces the weight of the overall generating system. Further, by using 
high frequency generators, high pole number construction can be used, which leads to the 
reduction in the volume of the generator and associated transformer (if required), and 
vibration (resulting in more robust solution, resistant to mechanical shock). In aircrafts and 
ships the dc power is normally supplied by ac/dc converters. This requires special filters to 
eliminate the current ripple, Weiming et al (2002) have proposed an integrated multi-phase 
generator (with three-phase and twelve-phase windings) design to provide simultaneous ac 
and dc power generation. The twelve-phase wmding has embedded rectifier to generate dc 
power and three-phase winding provides ac power. Use of multi-phase generator reduces the 
rectified dc voltage ripple as the ripple frequency is proportional to the number of pulses in 
the rectifier output, which is twice the number of phases. 
2.3 The latest developments in the areas of quasi six-phase (dual 
three-phase) and five-phase single-motor drives 
2 J.l Quasi six-phase (dual three-phase) motor drives 
Among different multi-phase drive solutions, so-called quasi six-phase machines 
(having dual three-phase windings with 30° spatial phase displacement) are probably 
considered most often in the literature. This is so since such a machine can be supplied from 
two three-phase inverters, thus eliminating the need for a design of a customised power 
electronic supply. 
Hie major drawback of a true six-phase machine (with 60 degrees spatial 
displacement between any two consecutive phases) is the production of large stator current 
harmonics, if the machine is fed by two six-step VSIs. These generate additional losses 
resulting in increase in the size and cost of the machine and the inverter. These negative 
effects reduce significantly if quasi six-phase machme is used instead of a true six-phase 
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machine [Klingshim (1983)]. These, together with the easiness of obtaining a quasi six-phase 
machine from an existing three-phase machine, are the main reasons why quasi six-phase 
machines are predominantly dealt within literature. 
The process of dynamic modelling of a quasi-six phase induction machine 
decomposes the original six-dimensional phase space into three two-dimensional orthogonal 
subspaces (d-q, x-y and 0+-0-). The neutral points of the two three-phase windings are in vast 
majority of cases isolated. In such a case the 0+-0- sequence components are eliminated since 
they cannot appear in any of the two star-connected three-phase windings. The d-q current 
components are flux and torque producing currents, while x-y stator current components 
appear due to stator current harmonics and are non flux/torque producing current components. 
Modelling procedures for quasi six-phase induction and synchronous machines have been 
discussed in detail in Bojoi et al (2002a), Hadiouche et al (2000), Lyra and Lipo (2002) and 
Benkhoris et al (2002). The dynamic decoupled model of a double-star synchronous machine 
with general spatial displacement between two three-phase windings, including decoupling 
algorithm, was presented by Benkhoris et al (2002). Two decoupling algorithms (called 
'complete diagonalisation' and 'partial diagonalisation') were developed, based on the 
coupling due to mutual inductance between windings and due to rotational terms, 
respectively. The model contains two pairs of stator d-q axis currents (one pair for d-axis and 
another pair for q-axis) for use in a vector control scheme. The developed model was verified 
by simulation studies and by experimental investigation. A novel d-q-0 synchronous reference 
frame model of a quasi six-phase induction machine, which includes the third harmonic 
current injection effect, was presented by Lyra and Lipo (2002). Third harmonic current 
injection makes the stator current waveform and resulting air gap flux almost rectangular 
leading to an improvement in the flux density and an increase in the output torque of the 
machine. The model was validated by simulation and by experiments. 
A complete model of a dual-stator induction motor, which consists of a single rotor 
winding and two identical stator windings, was presented by Pienkowski (2002). Two stator 
windings have in this case no magnetic coupling between them but they are magnetically 
coupled with the rotor winding and are supplied from the same or independent three-phase 
supply of the same frequency. 
The major advantages of using a quasi six-phase machine, in contrast to a true six-
phase machine, are once again shown by Singh et al (2003). The model developed in an 
arbitrary reference fi^ame takes into account the common mutual inductances between two 
three-phase winding sets. The detailed comparison of performance of quasi six-phase and true 
17 
Chapter 2. Literature Review 
six-phase induction machine has been presented. The simulation results are given for 
acceleration transients and steady state behaviour under six-step and PWM inverter supplies. 
The results show a significant reduction in torque and rotor current pulsation in quasi six-
phase configuration. The frequency of torque pulsation in quasi six-phase machine is found to 
be doubled compared to true six-phase machine case. The reason for the reduction in the 
torque pulsation is due to the complete elimination of 6A±1 ik = 1,3,5....) harmonics fi-om the 
air-gap mmf. Further investigation under loaded conditions reveals that the torque pulsation is 
minimum in quasi six-phase machine. However, very little difference in the behaviour of the 
two configurations is found under PWM supply condition. 
Two solutions are in general available as a mean of improving a six-phase motor drive 
performance. These include modified machine design and application of an appropriate PWM 
technique. Attempts have been made to exploit both possible solutions, with more effort being 
put into the second one. Hadiouche et al (2002) have proposed a new winding configuration 
for dual three-phase (i.e. dual-stator, as the machine is often referred to) induction machine 
aiming to maximise the stator slot leakage inductance to limit the harmonic current. The basic 
principle of the winding design consists in the placement of the conductors of stator 1 (the 
first three-phase wuiding) and stator 2 (the second three-phase winding) in two alternating 
slots with 8/9 pole pitch. This winding arrangement increases the x-y leakage inductance and 
thus limits the stator harmonic current. 
A digital PWM technique called double zero-sequence injection modulation technique 
was proposed by Bojoi et al (2002a) to act on x-y components of voltage to limit the 
harmonic current in vector controlled quasi six-phase induction motor drive with isolated 
neutral points. Here one six-phase inverter is considered as combination of two identical 
three-phase inverters sharing a common dc link. Two sets of three-phase referraice voltages 
are obtained fixjm two reference voltage vectors, shifted in phase by 30° (electrical). Tliis 
method was shown to produce satisfactory results with easy implementation on a low cost 
DSP platform. A double d-q synchronous reference fi^me current control, which uses four 
simple PI regulators instead of six, is proposed for inverter current control. The two sets of 
stator currents are independently controlled to compensate the inherent asymmetries in the 
two three-phase windings. 
A comprehensive comparison of performance of quasi six-phase induction machine 
drive for six types of digital PWM techniques (space vector, multi-level space vector, vector 
space decomposition, multi-level vector space decomposition, vector classification and 
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double zero-sequence injection) based on simulation and experimental study was given by 
Bojoi et al (2002b). The study reveals that the vector classification and double zero sequence 
injection PWM techniques offer good results by minimizing the stator harmonic currents and 
simultaneously reduce the implementation complexity in a low-cost fixed-point DSP 
controller. 
A number of papers, discussed further on, deal with some more specific issues related 
to six-phase motor drives. These include speed controller design, parameter estimation, dc 
link current calculation and operation under fault conditions. 
A fuzzy logic based speed controller for quasi six-phase induction machine drive was 
proposed by Kalantari et al (2002). The flexible nature of the fuzzy logic speed controller 
gives good results for high precision speed control in wide speed range. With simple 
modification in fuzzy rules the same controller can be used under fault conditions as well. 
On-line stator resistance estimation technique was proposed by Jacobina et al (2002) 
for quasi sbc-phase induction machine with connected neutral points. In the proposed 
technique non-torque producing homopolar voltage component (zero-sequence component) is 
injected along with the symmetrical six-phase voltages in the machine. This distorted voltage 
is used as the modulating signal for the six-phase pulse width modulator. Three line voltages 
and currents are measured and the non-torque producing voltage and current are calculated 
using the developed model. These non-torque producing current components are filtered by 
low pass filter and their derivatives are calculated. By processing the filtered data through the 
developed least square algorithm the values of resistances and leakage inductances are 
determined. 
An analytical technique of formulating the dc link RMS current in PWM VSI fed 
quasi six-phase induction motor drive with isolated neutral points has been presoited by Bojoi 
et al (2002c). Two PWM techniques were considered, sinusoidal PWM and sinusoidal PWM 
with 16.6% third harmonic addition. Both techniques were foimd to give similar results. 
A double-star synchronous machine with an arbitrary spatial displacement between 
two three-phase windings with isolated neutral points, fed by two three-phase PWM inverters, 
was considered by Merabtene and Benkhoris (2002). A model was developed and it was 
further used to study the machine behaviour under open-circuit fauk condition. 
2.3.2 Five-phase single-motor drives 
Direct torque control (DTC) is one of the powerful methods for high performance 
control of motor drives, which has become an industrially accepted standard for three-phase 
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induction macJiines. The basic operating principle of DTC is based on instantaneous space 
vector theory and relies on utilisation of the non-ideal inverter nature to achieve good 
dynamic control. Toliyat and Xu (2000) have recently extended the DTC concept to a five-
phase induction motor control and they presented a comparison between the three-phase and 
five-phase DTC drives. The implementation of the control system was done using 32 bit 
floating point TMS320C32 DSP. The three-phase inverter has only eight voltage space 
vectors that can be applied to a motor, while a five-phase inverter has 32 possible voltage 
space vectors. There is therefore a greater flexibility in controlling a five-phase drive system. 
The authors achieved high performance in terms of precise and fast flux and torque control 
and a smaller torque and flux ripple for five-phase induction machine as compared to three-
phase induction machine. 
Vector control and direct torque control of a five-phase induction motor with 
concentrated full-pitch winding was also developed and Implemented again using 32 bit 
floating point DSP TMS320C32 in Xu et al (2002a). The proposed vector controller uses 
fundamental current in conjunction with 15% third harmonic stator current injection to 
provide quasi-rectangular current, which yields rectangular air gap flux in the concentrated-
winding induction motor. It was shown that this approach enhances torque output by 11.2% 
under dynamic condition and by 10% during steady state operation, compared to the case 
when only fundamental current is fed to the machine. The DTC provides high performance in 
terms of smaller current, flux and torque ripples due to large number of space vectors for 
controlling the machine. Further, zero switching vectors are not needed to implement space 
vector modulation for five-phase PWM inverter for DTC and thus the wear and tear of motor 
bearing can be avoided. Shi and Toliyat (2002) have developed the vector control scheme 
based on space vector PMW for a five-phase synchronous reluctance motor drive. The control 
system for the proposed drive was again implemented using 32 bit floating point DSP 
TMS320C32. 
A special current control scheme has been developed for a five-phase induction motor 
drive by Xu et al (2002b), which enables operation under open-circuit fault condition with 
loss of one or two phases. Concentrated winding induction motor was considered for the 
study and thus third harmonic current was used in conjunction with the fundamental 
component to obtain rectangular air-gap flux profile. The amplitudes of the fundamental and 
the third harmonic current need proper adjustment under fault condition. The speed and load 
have to be lowered under loss of two phases in order to prevent the stator current from 
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exceeding the rated value. The whole system was implemented to validate the theoretical 
findings. 
A detailed performance analysis of concentrated winding multi-phase induction 
motors encompassing multiple of three and non-multiple of three numbers of phases was 
carried out by Toliyat and Qahtany (2002) using finite element analysis (FEA) method. The 
study reveals the fact that the torque pulsation decreases with an increase in the number of 
phases due to smaller step changes in MMF, except in seven-phase case where ripple was 
high due to cogging phenomena. The efficiency was seen to improve with increasing number 
of phases because of the reduction in ripple in rotor current. Further the five-phase machine 
was seen to provide the highest torque to current ratio due to an increase in the amplitude of 
fundamental MMF. The FEA results also showed a decrease in the stator back iron flux and 
an increase in stator tooth flux if third harmonic current is injected along with the 
fiindamental in the five-phase induction motor. This suggests a new geometry (pancake 
shape) for a five-phase machine stator supplied by the third harmonic along with the 
fundamental. A comparison of performance was also given for different multi-phase machines 
with respect to the conventional three-phase distributed winding induction motor. 
A general modelling approach encompassing dynamic and control issues for a five-
phase permanent magnet brushless dc machine was presented by Franceschetti and Simoes 
(2001). The simulation was done for a five-phase, twelve-pole machine with rated torque of 
30 Nm, with concentrated stator winding. The same machine type, which requires square-
wave current for its normal operation, has been considered in Simoes et al (2001) as well, 
where experimental implementation was based on Motorola 56824 DSP. The switching 
fi^quency of the inverter was set to 10 kHz. Five-phase trapezoidal back-emf permanent 
magnet synchronous machine was elaborated by McCleer et al (1991) as well. The motor was 
supplied fix)m a five-phase VSI in 144° conduction mode with square wave currents. The five-
phase machine was shown to have higjier torque capacity compared to similar sized three-
phase machine and lower peak VA requirement of the switching devices. 
The modelling and analysis of a five-phase permanent magnet synchronous machine 
supplied fi-om a five-phase PWM inverter under normal and fault conditions (one phase open-
circuited) was examined by Robert-Dehault et al (2002). The linear permanent magnet 
machine model was developed in phase variable form for fault condition and also its d-q form 
was given for normal operating conditions. The machine leakage reactance was considered as 
5% with PWM inverter commutating at 2 kHz. The proposed control strategy allows the 
machine to produce the same torque under fault condition as under normal condition, with 
21 
Chapter 2. Literature Review 
very small torque ripple (6% torque ripple was observed because of the current controller 
type). Pereira and Canalli (2002) have presented the design, modelling and performance 
analysis of a five-phase permanent magnet synchronous machine operating as a generator 
feeding a resistive load through five-phase bridge rectifier. The parameters of the machine 
were determined using FEA. The performance in terms of load voltage versus current, output 
power, rectified voltage waveform, phase to neutral and phase to phase voltages and phase 
currents of the machine was assessed and examined using simulation and actual 
measurements. 
2.4 Control of three-phase and multi-phase voltage source 
inverters 
2.4.1 Control of three-phase voltage source inverters 
Control of three-phase VSIs is nowadays, except in the highest power range, always 
based on PWM schemes. PWM is the basic energy processing technique, used to obtain the 
converter output power of required properties. Semiconductors are switched at a h i ^ 
fi^quency, ranging fix)m a few kilohertz (motor control) to several megahertz (resonant 
converters for power supply) [Kazmierkowski et al (2002)]. A broad classification of PWM 
techniques groups the methods into two classes: open-loop PWM and closed-loop PWM. 
Among the best known open-loop PWM techniques is the carrier-based sinusoidal 
PWM, which is also called ramp-comparison or sine-triangle or sub-oscillation method. In 
this technique triangular carrier signals are compared with sinusoidal modulating waves to 
generate the switching signals for power switches [Bose (1996)]. With the advent of high 
speed and cheap digital signal processors, space vector pulse width modulation (SVPWM) 
has become a standard for power inverters as it gives superior performance compared to the 
ramp-comparison technique. The reference voltage space vector is generated on average by 
imposing two neighbouring active vectors and a zero space vector in the three-phase VSI. The 
basic theory and implementation of SVPWM are discussed at length by Neascu (2001). The 
major advantages of SVPWM include wide linear modulation range for output line-to-line 
voltages and easiness of digital implementation. The digital implementation can be done 
using memory look-up table for sinusoidal function within a 60° interval. The alternative 
solution is based on interpolation of a minimized look-up table, which can be implemented by 
a fuzzy logic controller as well. A detailed comparison of carrier-based PWM methods, 
including those with additional zero sequence signal injection, with SVPWM was presented 
by Zhou and Wang (2002). The comparison looked at the relationship between modulation 
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signals and space vectors, modulation signals and space vector sectors, switching pattern of 
space vectors and the type of the carrier, distribution of zero vectors and different zero-
sequence signals. It was observed that the methods are closely related and can be derived 
from each other. 
Multi-level (especially three-level) inverters are nowadays normally employed in high 
power applications. There have been many three-level modulation techniques reported in 
literature. Similar to two-level inverters, the popular choices are again carrier-based PWM 
and SVPWM. In carrier-based PWM, each phase reference voltage is compared to two 
identically shaped (but with different offset content) triangular waveforms in order to generate 
the switching pattern. In the case of SVPWM a higher number of space vectors (sixty four) 
are available for precise and flexible control of the three-level inverters. A comparative 
analysis of ramp-comparison PWM and SVPWM for three-level inverters was reported by 
Wang (2002). The three-level SVPWM equivalent can be realised by ramp-comparison PWM 
using a proper third harmonic injection, while three-level sine-triangle PWM can be realised 
through SVPWM by selecting proper dwell times (times spent in a given switching state). 
The second group of methods encompasses closed-loop PWM techniques. In this case 
the inverter PWM pattern is determined by closed-loop current control of inverter output 
currents. The basic reason of introducing current control is the elimination of stator dynamics 
[Novotony and Lipo (2000)]. The main task of a current controlled PWM inverter is to force 
the load current to follow the desired reference current. By comparing the actual and reference 
phase currents, the current controller generates the switching signals for power devices in 
order to reduce the current error. The current controller therefore performs two functions, 
current error compensation and PWM. Various current control techniques have been 
developed over the years. The examples include hysteresis, ramp-comparison and predictive 
current control. Application of these methods to three-phase drives were examined by 
Andriux and Lajoie-Mazenc (1985), Brod and Novotony (1985), and Gio et al (1988). Among 
these techniques, hysteresis current control is the simplest to implement, it gives fast dynamic 
response, is insensitive to load parameter variations and it offers inherent current limitation. 
The major disadvantage of the hysteresis current control is that it gives a varying switching 
frequency over one cycle of tiie inverter output. Several other techniques are available, 
including already mentioned ramp-comparison current control, which give constant switching 
frequency of inverter. These include adaptive hysteresis controller proposed by Bose (1990), 
in which the hysteresis band is modulated with load and supply parameters, and dual-band 
hysteresis current control. In dual-band hysteresis current control also known as space-vector 
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based hysteresis current control, the switching states and thus the inverter output voltage 
vectors are chosen such as to minimize the derivative of the current error vector. A fully 
digital implementation of this scheme, using field programmable gate array (FPGA), was 
done by Brabandere et al (2002) in three-phase induction motor drive. The ramp-comparison 
current control is however still the most popular choice because of its simplicity and inherent 
advantages. Almost all the motor DSP controllers available today have hardware peripherals 
for implementation of digital modulation based on the ramp-comparison technique. 
The main objective in a high performance drive is to control the torque and flux of the 
machine, which are governed by the fundamental current. A fast current control scheme must 
be incorporated to achieve the set goal. All the current control methods, utilised in vector 
controlled drives, essentially belong to one of the two categories: current control in stationary 
reference frame or current control in rotational reference frame. A comparative study of the 
methods belonging to these two categories was presented by Sokola et al (1992) in 
conjunction with a permanent magnet synchronous motor drive. Current control by means of 
hysteresis controllers and ramp-comparison controllers (in the stationary reference frame) and 
current control in the rotational reference frame (in conjunction with voltage generation by 
ramp-comparison method and by space vector modulator) was examined. The current control 
in tiie rotational reference frame was found to be superior to the current control in the 
stationary reference frame. 
A space vector approach has been proposed by Bolognani and Zigliotto (2002) for 
analysis and design of stationary and rotating reference frame current controllers which 
allows deeper understanding of the behaviour of the controllers. An adaptive high-bandwidth 
current control algorithm was introduced by Telford et al (2003) for an indirect rotor flux 
oriented induction motor drive. A comparison between the conventional rotating reference 
frame PI controller, a conventional dead-beat controller and the proposed adaptive high-
bandwidth controller has been conducted by simulation and experimentation. The proposed 
controller gives similar dynamic performance as the dead-beat controller, with no overshoot. 
However, it is immune to machine parameter variations, errors in flux estimates and dc bus 
voltage level fluctuations. Further, it was found to be superior to synchronous rotating 
reference frame PI controller since it was capable of producing faster dynamic response. 
However, its steady state error was higher. 
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lA.l Control of multi-phase voltage source inverters 
The use of multi-phase inverter was first reported by Ward and HMrer (1969) in a 
variable speed five-phase induction motor drive application. It utilised a forced commutated 
thyristor based inverter in ten-step operating mode. The torque ripple was decreased to one 
third compared to the equivalent three-phase case and was at an increased frequency. 
However, the machine current contained strong third harmonic component, which generated 
additional losses. To avoid these losses and to obtain fast current control, several PWM 
techniques for multi-phase VSIs have been developed, such as those reported in Pavitharan et 
al (1988), Toliyat (1998) and Toliyat et al (2000). 
A complete mathematical model of a five-phase VSI, based on space vector 
representation, was developed by Toliyat et al (1993). The inverter operation in ten-step mode 
and PWM mode was discussed. The hysteresis type PWM current regulation was used for the 
drive under rotor flux oriented indirect vector control conditions. A SVPWM was proposed 
by Gataric (2000) for a five-phase VSI control in conjunction with induction motor drives. 
The same strategy was employed by Shi and Toliyat (2002) and Toliyat et al (2000) in a five-
phase synchronous reluctance motor drive. Gopakumar et al (1993) employed SVPWM 
technique in split-phase induction motor drive fed by six-phase VSI. 
Takami and Matsumoto (1993) have proposed optimum pulse pattern PWM for large 
capacity nine-phase VSI feeding a nine-phase induction motor (with three sets of three-phase 
windings on the stator with isolated neutral points and a single three-phase winding on the 
rotor). The current control loop was eliminated from the inverter control system. A new 
configuration, which includes nine low-rating (20% of the motor c^iacity) single-phase 
reactors, was introduced. The reactor turns ratio was selected equal to l:2sin(7i/18):l so as to 
eliminate the lower order harmonics (5*, 7*, 11* and 13*) from the inverter/motor jrfiase 
voltages and currents and also to balance the fundamental currents in the event of 
unbalancing. To eliminate even harmonics fix)m the current/voltage waveform the optimal 
pulse pattern was developed based on Lagrangian multiplier method. The proposed optimal 
pulse pattern PWM technique was compared with the ramp-comparison PWM and it was 
shown to reduce the harmonic amplitudes to a significantly lower value. The proposed 
configuration also reduces the electromagnetic noise of the motor to a great extent. 
Kelly et al (2001) have examined general /j-phase (leg) inverter control techniques 
taking nine-phase inverter as a specific example. An «-phase inverter has («-l)/2 possible load 
equivalent circuits and each operate in /j-step mode to produce a unique step voltage 
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waveform with different fundamental and liarmonic contents. The nine-phase inverter was 
examined for four different load equivalent configurations in eighteen-step mode and 4-5 
configuration was found to be the optimum choice liecause of the highest switching efficiency 
(only one switch changes state between conduction intervals), maximum phase current 
delivery and maximum fundamental content. Four different SVPWM techniques have been 
developed for the general n-phase inverter. The first technique is a natural extension of the 
conventional three-phase SVPWM and it resulted in lower dc bus utilisation. The second 
technique asks for injection of V« order harmonic, resulting in higher dc bus utilisation 
(maximum attainable fundamental component increases). However, V/j separate neutrals have 
to be used. The third proposed technique utilises smaller number of space vectors (74 instead 
of 512) but the switching efficiency was found to be poor in this case (in the case of nine-
phase inverter, eighteen switches change state between conduction intervals). To improve the 
switching efficiency the fourth technique was proposed, which does not use zero space 
vectors (in the case of a nine-phase inverter, only six switches change state between 
conduction intervals). The first proposed technique (SVPWM) in the above referenced woric 
was compared analytically and by experimentation to the ramp-comparison PWM by Kelly et 
al (2003) in conjimction with a nine-phase inverter fed nine-phase induction motor drive. The 
SVPWM was shown to enhance the fundamental by 1.55% compared to the sine-triangle 
PWM and thus enables better utilisation of the dc bus. 
From various publications related to current control of inverter fed multi-phase 
machines it is evident that the same current control strategies as for a three-phase machine are 
in principal applicable regardless of the number of phases. Hysteresis current control scheme 
for a five-phase induction motor drive was reported by Toliyat (1998). In the vector control of 
a five-phase synchronous reluctance motor, hysteresis current controllers were used by Shi et 
al (2001). A global current control method for a five phase H-bridge VSI (i.e. an invoter 
system consisting of five single-phase inverters) was presented by Martin et al (2002). It was 
based on space vector control method and was aimed at control of a five-phase permanent 
magnet synchronous machine (PMSM). The independent current control of each phase leads 
to high current ripple as the dynamics of one phase depend on the states of the other inverter 
legs and because of the magnetic coupling between the phases. The basic principle consists in 
the representation of a machine by fictitious machines consisting of two groups, named the 
main machine and the secondary machines. For an odd number of phases equal to n, the 
equivalent number of fictitious machines are (/H-l)/2 without mutual magnetic coupling. Out 
of this number there are (n-l)/2 two-phase machines and one single-phase machine. The 
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torque-producing machine is only the first two-phase machine and the remaining machines 
just add to the losses. The current dynamics of non-torque producing machines are limited by 
only small leakage inductance, which leads to high current ripple. Thus the duration of 
excitation to these non-torques producing fictitious machines are reduced by means of global 
current control strategy. The current controller produces the voltage reference vector, which is 
reconstituted over each sampling period by an optimal combination of the voltage vectors. It 
should be noted that the concept of space vector decomposition was applied in this paper, 
similar to Gataric (2000). This thesis will use both the concept of matrix transformations 
[White and Woodson (1959)] and space vector decomposition. 
Ramp-comparison current controller was used by Bojoi (2002a) for a six-phase PWM 
inverter. Several types of current control schemes were proposed by Figueroa et al (2002) for 
controlling a seven-phase VSI for a brushless dc motor drive. These include the sinusoidal 
reference current control, synchronous reference frame current control, sampled sinusoidal 
current control, dc bus current control, square voltage and sampled sinusoidal voltage control. 
The comparative performance analysis was conducted using simulation and experimentation 
and it was observed that the last strategy provides an optimum result. It yielded high 
efficiency, low torque ripple, good torque-speed characteristic and simple control with low 
cost Hall position sensors. 
2,5 Sensorless vector control drive 
If a vector control algorithm is applied as a part of a drive with closed loop speed 
control, information regarding actual speed of rotation becomes necessary. 
Speed-sensor-less vector controlled drive can be implemented by using the same 
speed estimation techniques as for direct torque control. All the ^}eed estimation techniques 
fall into one of the following three categories [Vas (1998)]: 
1. Speed estimation fi-om stator current (or voltage) spectrum; 
2. Speed estimation based on induction machine model: 
i. Open-loop estimators that use model equations only; 
ii. Closed-loop estimators that utilise an induction motor model and some additional 
corrective action (observers, extended Kalman filter and model reference adaptive 
system); 
3. Speed estimation based on artificial intelligence techniques (artificial neural networks, 
neuro-fuzzy systems, etc). 
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The good feature of methods belonging to the first category is that they do not depend 
on the machine equivalent circuit parameters. However, they require significant amount of 
signal processing (that leads to limited accuracy in transient operation) and the level of signal 
fi-om which speed information is extracted can be very low (or indeed insufficient). Methods 
of the second category are rather easy to implement (except for the extended Kalman filter), 
but they are all too some extent affected by parameter variation effects in the machine. The 
artificial intelligence based estimators are expected to be widely used in the future. They are 
less sensitive to parameter variations and are currently under extensive development [Vas 
(1998)]. 
Sensorless variable speed high performance drives offer in general reduction of 
hardware complexity, improved reliability in hostile environment, increased mechanical 
robustness, decreased maintenance requirement, and reduced cost [Vas and Rashed (1999)]. 
Many speed prediction techniques have been suggested for sensorless control of 
induction motors over the years. The original techniques were designed to extract the 
information regarding the rotor speed fix)m stator voltage and stator current only in steady 
state operation. TTiese techniques can be used for low cost induction motor drives for 
applications that do not require highly dynamic performance [Abbondanti and Brennen 
(1975)]. More sophisticated speed estimation techniques have been suggested for high 
performance induction motor drives. This section reviews the speed estimation methods of the 
first group, using the spatial-saturation stator phase third-harmonic voltage, using saliency 
(geometrical, saturation) effects, and the estimation methods of the second group, using 
machine model (including open-loop speed estimators and closed-loop estimators). 
The first technique utilises saturation phenomena to obtain the rotor speed of an 
induction motor and also the position and magnitude of the magnetising flux space vector 
[Vas (1998)]. The spatial saturation third-harmonic voltage component, which is due to main 
flux saturation, is obtained by monitoring the sum of the phase stator voltages in a 
symmetrical three-phase induction motor. The third-harmonic voltage component is then 
integrated to obtain the third-harmonic flux. The fundamental is further calculated by using a 
saturation function, which can be determined experimentally [Vas (1998)]. 
The angle of the magnetising flux space angle is also obtained from the monitored 
third-harmonic voltage. To obtain this information, a phase stator current of the induction 
motor has to be monitored as well. Then the displacement angle between this stator current 
maximum and the maximum of the fundamental magnetising flux is found. From the 
information about the angle of the fundamental magnetising flux with respect to the stator 
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current space vector and the angle of the stator current space vector with respect to the direct 
axis of the stationary reference frame, the angle of the fiindamental magnetising flux space 
vector with respect to the direct axis of the stationary reference fi^me can be obtained [Vas 
(1998)]. 
Once when the fundamental magnetising flux space vector's modulus and phase angle 
with respect to the direct axis of the stationary reference frame are known they can then be 
used to determine the stator flux space vector and rotor flux space vector. The rotor speed 
then can be determined by differentiating the phase angle of stator flux space vector and 
deducting the angular slip frequency. The obtained magnetising flux space vector, stator flux 
space vector and rotor flux space vector can also be used in vector control [Vas (1998)]. 
As already mentioned, spatial saturation (zero sequence) third-harmonic voltage is 
required to obtain the fundamental of the magnetising flux. The third-harmonic voltage can be 
obtained in two ways [Consoli et al (2000)]. In the first approach, the summation of stator 
phase voltages is performed. This is carried out in a three-phase induction motor with wye-
connected stator windings without a neutral point by using three wye-connected resistors in 
parallel to the machine, whose voltages are measured and summed. The resultant voltage of 
the summation contains a zero-sequence third-harmonic voltage component and the high 
frequency slot harmonic component. The third harmonic component is dominant, since the 
fundamental and the other non-triple harmonic components, which could be present in the air-
gap magneto-motive force and magnetising flux, will cancel out. The slot harmonic 
component is then filtered out by using an analogue or digital filter [Vas (1998)]. In an 
alternative approach, the third harmonic voltage is evaluated directly by measuring the 
voltage across the midpoint of the DC bus and the neutral point of the machine. A cleaner 
third-harmonic signal can be obtained in this way because of the reference to a more stable 
potential point [Consoli et al (2000)]. If the induction motor's stator windings are wye 
connected without a neutral point, there is no flowing of the zero-sequence components of 
stator current in the motor. This will eliminate any influence of the third-harmonic compimeDt 
of the air-gap flux on the torque production [Consoli et al (2000)]. Phase shift of the third-
harmonic voltage due to load currents is also avoided with the absence of zero-sequence stator 
currents. This guarantees the orthogonality between the third-harmonic components of stator 
voltage and air-gap flux [Consoli et al (2000)]. 
Modem induction machines are designed to operate in the saturated region of the 
magnetising characteristic for better utilisation [Vas (1998)]. When the machines are 
saturated, the sinusoidal distribution of air-gap flux density, which is caused by the 
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sinusoidally distributed magneto-motive force in a symmetrical three-phase induction 
machine, is distorted. A speed predicting technique can therefore utilise the phenomenon of 
saturation in the induction motors [Vas (1998)]. The saturation will result in the spatial 
distribution of the air-gap flux in a form of flattened non-sinusoidal waveform. The harmonic 
content of the waveform is characterised by the odd components but with the dominance of 
the third harmonic [Consoli et al (2000)]. The third-harmonic component of the zero-
sequence component of stator voltage is always in quadrature with the third-harmonic flux 
component, without being affected by the load current variations [Consoli et al (2000)]. 
Speed predicting techniques based on the estimation of air-gap flux position by 
utilising the spatial saturation third-harmonic voltage are developed to improve the 
performance of back-EMF based direct field oriented control of induction motor drives 
[Moreira and Lipo (1990), Kreindler et al (1992)]. Traditional direct field oriented control 
using back EMF measurement fails at low and zero speed because of low induced voltages, 
which are practically difficult to measure correctly, and no voltage being induced in the stator 
winding at zero fi'equency. The reasons for failure also include motor asymmetries, stator 
voltage variation and electromagnetic noise, which prevent correct calculation [Consoli et al 
(2000)]. The harmonic based speed estimation techniques do not require any modification of 
the motor design. They are easy to implement and insensitive to parameter variations and also 
allow the low speed sensorless operations. However, the methods still fail at low and zero 
speed because of insufficient amplitude of the third-harmonic voltage. Detection of flux 
position at zero speed is impossible with third-harmonic voltage measurement because the 
third-harmonic component is ah-eady too low to be utilised effectively when motor's speed is 
below 1% of the rated speed [Consoli et al (2000)]. 
Suggestions for improvement of the technique by injection of a high fiequency signal 
into stator voltage components have been set forth [Consoli (2000), Schroedl (1992)]. The 
additional voltage components are used to create high fiequency current components whh 
amplitudes being related to the spatial air-gap flux distribution inside the motor [Jansen and 
Lorenz (1995a and 1995b)]. The fi-equencies of the current and voltage harmonics created by 
the introduction of a high frequency signal in the stator voltage are related to the frequency of 
the injected signal and that of the fundamental rotating field [Consoli (2000)]. Demodulation 
of the high fi-equency current components will help to detect the angular position of the air-
gap flux. The techniques have been verified successfully on salient AC machines [Degner and 
Lorenz (1998), Consoli et al (1999a)] and are being under development for the application in 
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non-salient machines, such as induction motors where saturation produces a small saliency 
effect on the direction of air-gap flux [Consoli et al (1999b), Manjrekar et al (1998)]. 
Rotor speed in the induction machines can also be estimated by utilising different 
types of geometrical effects (such as normal slotting, inherent air-gap asymmetry, intentional 
rotor magnetic saliency caused by spatial modulation of rotor-slot leakage inductance or rotor 
resistance) and saliency effects as a result of saturation, especially with the squirrel-cage 
induction motors [Vas (1998)]. The first of several speed predicting techniques using saliency 
effects discussed here is speed estimating technique utilising rotor slot harmonics. Rotor and 
stator slots in induction machines produce variations in the air gap permanence, that then 
interact with the stator winding distribution to result in inductance variations, as reviewed in 
[Degner and Lorenz (2000)]. This technique, up to now, is not directly used for rotor speed 
estimation. It is however used for tuning the parameters of speed estimators based on mo<tel 
reference adaptive systems [Vas (1998)]. The advantage of this technique is that its accuracy 
of estimation is not influenced by the variation of the machine's parameters and it is reliable 
for all loads. Ibt rotor slot harmonics can be obtained by using either monitored stator 
voltage or monitored stator current. The latter is preferable because it is anyway necessary to 
measure stator current in high performance drives, so that the monitoring of stator voltage can 
be avoided [Vas (1998)]. 
The slot harmonics detection using stator voltage monitoring utilises the slot harmonic 
voltages induced in the stator winding of the induction motor. The slot harmonic voltages are 
induced in tiie stator winding when the rotor is rotating because of the presence of slot 
harmonics in the air-gap magneto-motive force. These harmonics are produced due to the 
variation of the reluctance caused by the stator or rotor slots, and are therefore called stator or 
rotor slot harmonics, respectively [Vas (1998)]. Both amplitudes and fiiequencies of slot 
harmonic voltages depend on the rotor speed. However, only the fi«quencies are used to 
estimate the rotor speed because the amplitudes also depend on loading conditions and flux 
levels [Vas (1998)]. Stronger slot harmonics can be produced in the induction machines 
without the skewed rotor slots. However, skewed rotor slots are normally created inside the 
machine to reduce audible noise and eliminate the asynchronous crawling during the line 
starting [Vas (1998)]. 
During the monitoring of stator voltages to detect rotor slot harmonics, summation of 
stator phase voltages is carried out. It has been shown that the summation voltage contains a 
slot harmonic component and a third-harmonic component, due to main flux saturation. When 
the stator voltage is supplied by an inverter, the summation voltage also contains extra time 
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harmonic voltages [Vas (1998)]. It has also been shown that the frequency of the slot 
harmonic voltage depends on angular stator frequency, slip frequency and the number of rotor 
slots per pole pair [Vas (1998)]. The slot harmonic voltage in the summation voltage is 
obtained by removing the third-harmonic voltage and extra harmonic voltages. The removal 
can be carried out by employing various circuits [Vas (1993)]. The frequency of slot 
harmonic voltage is then evaluated. With the help of available information regarding the 
stator angular frequency and the number of slots per pole pair, the rotor speed of the induction 
motor is finally calculated. However, when the induction motor is running in the low speed 
region, special considerations are required for this speed estimation technique, because 
amplitude of the slot harmonic voltage decreases at low speed [Vas (1998)]. Speed estimation 
can also be done with the machine terminal voltage spectrum obtained from tapped stator 
windings of an induction machine [Zinger et al (1990)]. 
Speed estimation technique using monitored stator current is preferable. Harmonic 
spectral estimation is carried out on the obtained signal of the stator current [Vas (1998)]. The 
measured signal is scaled and low-pass filtered to eliminate high frequency pulse width 
modulation harmonics (when the power supplies for the induction motors are the voltage 
source inverters). Digital Fast Fourier Transform is then performed to find the rotor slot 
harmonic [Ferrah et al (1992a)]. When the rotor slot harmonic frequency is found and if the 
information about the angular stator frequency and the number of rotor slots per pole pair is 
available, rotor speed can be estimated. The accuracy of the speed estimation depends 
therefore on the accuracy of the rotor slot harmonic frequency and the angular stator 
frequency. Angular stator frequency is obtained by differentiating the angle of the rotor flux 
space vector when the rotor flux oriented control is used for tiie drive. The five main steps for 
the estimation of rotor slot harmonic frequency are summarised as follows [Vas (1998)]: 
1. Identification of angular stator fi^uency. 
2. Determination of the no-load slot harmonic around a specific stator harmonic. 
3. Definition of the width of the slot harmonic tracking window. Difference window 
placement for motoring or generating operation of the motor. 
4. Search for the harmonic with the highest amplitude (highest spectrum line), which is a 
non-triple harmonic of angular stator frequency, in the window. 
5. An increase in the accuracy of the rotor slot harmonic frequency. 
When an adequate frequency resolution is employed, rotor slot harmonic can be 
identified from the neighbouring harmonics at no-load and load and over a wide range of 
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speed. Real value Fast Fourier Transform based on the split-radix algorithm is suitable for 
digital implementation of the estimator. Digital Fast Fourier Transform can give a good result 
of the estimation when the operating frequency is over a few Hz. However, when the speed of 
the motor is too low, noise can affect the accuracy of the speed estimation [Vas (1998)]. 
Accuracy of the estimating process can be increased by employing appropriate windowing 
(such as Henning data window, hamming window or rectangular window) and interpolation 
techniques. This means that the signals are analysed and processed for a short length (or 
window) of the sampled data by the Fast Fourier Transform analyser. However, when signals 
are transformed into frequency domain, false results could be obtained due to the 
discontinuities at the window's edges [Vas (1998)]. 
Fast Fourier Transform has been used to obtain rotor slot harmonic in a speed 
predicting technique proposed by [Ferrah et al (1992b)]. The speed estimation only considers 
slotting harmonics and saturation harmonics. This technique gives satisfactory results over a 
wide speed range, down to 2 Hz. Attempts of estimating the rotor speed by this technique give 
relatively poor dynamic performance due to the limitation of processing power and sampling 
rate of the hardware. Estimation of slip speed of the motor based on slot harmonic frequency 
identification (instead of estimation of rotor speed) is also suggested by [Beguenane et al 
(1995 and 1996)]. Real time adaptive filters with recursive maximum likelihood technique 
can also be used for tracking slot harmonics [Cilia et al (1998), Ferrah et al (1996 and 1998)]. 
They give an error of less than 0.1% for the estimated speed. The parameters of the control 
system are updated regularly with recursive algorithm for rotor slot harmonic analysis to give 
a better performance. 
Insufficiency of the measurement's bandwidth, the main limitation of this method for 
its use as an effective speed feedback signal in the past, has been overcome recently [Ferrah et 
al (1996 and 1998)]. Rotor slot harmonic approach can be used to tune the parameters of a 
sensorless induction motor drive with speed estimation based on machine models as well 
[Jiang and Holtz (1997), Hurst et al (1994, 1997)]. The algorithm uses digital signal 
processing techniques to obtain the speed related harmonic frequency signal induced m the 
motor by rotor slots and rotor eccentricity. The estimation is then used for tuning the 
parameters of the machine model and load model [Turl et al (2001)]. Speed estimator based 
on a mechanical model gives speed feedback signal to sensorless control of the motor. 
Because the estimated speed signal obtained from rotor slot harmonics analysis is parameter 
independent, the sensorless control can give good performance at very low speed [Hurst et al 
(1994)]. 
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Speed estimation techniques based on inductance variation due to saturation and 
geometrical effects have been used for sensorless vector control of permanent magnet 
synchronous machines and synchronous reluctance machines. The technique can also be 
applied to sensorless control of induction motors even when the motor is at standstill 
[Schroedl (1988)]. In permanent magnet synchronous machines, stator inductance is a 
function of the rotor position because of saturation effects. This can be used for estimation of 
the rotor position or speed. It has also been shown that stator inductance depends on the angle 
of the magnet flux, with respect to the stator voltage space vector [Schroedl (1993)]. In 
synchronous reluctance machines, the stator inductance is a function of rotor position because 
of rotor saliency. Therefore, rotor position and speed can be estimated with high accuracy by 
using the inductance variation due to geometrical effects. This method is especially useful for 
speed estimation at zero and low speed. The speed estimation can be carried out either by 
monitoring the stator current ripple or by injecting a suitable test stator voltage signal [Vas 
(1998)]. 
The speed predicting techniques based on variation of inductance due to saliency or 
geometrical effects can be used for sensorless control of induction motors because the stator 
inductance in induction motors is dependent on the level of saturation as well as the position 
of main flux. This dependency is caused by the saturation of stator and rotor teeth. In a 
saturated induction machine at standstill, the rate of change of stator currents is dependent on 
the stator voltage space vector and stator transient inductance. The magnitude and angle of 
this inductance also depend on the magnetic operating point and the direction of the 
magnetising flux space vector. Application of appropriate test voltage signal would give the 
rate of change of stator currents at test signal frequency. The angle of magnetising flux ^ace 
vector is then found, which will be used to extract the information about rotor speed, because 
the minimum of the ellipse locus of the modulus of complex transient inductance is in the 
direction of the magnetising flux space vector [Vas (1998)]. Estimation of the flux space 
vector's position can also be carried out by tracking the high frequency magnetic saliency 
caused by magnetic saturation at zero or low speed, with the injection of high frequency 
voltages (or currents) into the stator [Jansen and Lorenz (1995a), Briz et al (2001)]. 
High frequency magnetic saliency caused by magnetic saturation (main flux or 
leakage flux saturation) can also be used for speed estimation at zero and low speed. A high 
frequency signal is injected into the stator winding to create high frequency current with 
speed related harmonics [Jansen and Lorenz (1996), Degner and Lorenz (1997)]. The 
technique of combining rotor slot harmonic method and carrier frequency signal injection to 
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estimate rotor speed gives robust response over a wide range of speeds, even at low or zero 
speed. Multiple saliencies, although not desirable, could also be used for speed estimation, by 
developing an induction machine model with multiple spatial saliencies [Degner and Lorenz 
(1998)]. 
A comparative study carried out by [Hurst and Habetler (1997)] has pointed out a 
significant limitation of all the speed estimation techniques with spectrum analysis discussed 
so far. It is the lack of robust performance with respect to machine specific structural 
characteristics. For example, rotor slot harmonic analysis depends on the number of rotor 
slots, which is a typically unknown parameter. The control schemes then have to be 
programmed again for each different induction machine. In addition to that, the estimation 
techniques are intensive computationally; therefore they are only suitable for speed estimation 
in steady state operation. Robust and fast hardware is required for speed estimation in 
transient state, and only a limited accuracy can be obtained. 
Estunation of rotor speed of induction machines, especially at zero and low speed can 
be achieved by utilisation of saliency effects intentionally created by Ae special design of the 
rotor, which gives rise to spatial modulation of rotor leakage inductance or rotor resistance 
[Vas (1998)]. Rotor eccentricity, which is always present in induction motors because of the 
compromise between cost and performance, can also be used for speed estimation [HoUiday 
et al (1995)]. Specially designed rotor eccentricity will give position signal more robust than 
those obtained from dynamic eccentricity [Vas (1998)]. 
The special designs of the rotor may include variation of the rotor slot openings or 
variation of the depths of rotor slot openings [Jansen and Lorenz (1995a)]. Specially designed 
asymmetry of rotor resistance can also be used for speed estimation. The asynunetry is 
created to make rotor position harmonics dependent on the machine flux and load conditions 
[Cilia et al (1997)]. The speed estimation techniques discussed previously can again be used 
here, the only difference is that the saliency is created by physically existing asymmetry, not 
by saturation. Similarly to those techniques, symmetrical three phase high frequency voltages 
are injected into stator to track the saliency. It has been proven that when the special designs 
of the rotor are employed, the stator transient inductance is position-dependent because of 
physical asymmetry. This dependency will make stator currents position-dependent when the 
high frequency stator voltages are applied to the machines. Therefore, information about rotor 
position and speed can be obtained by monitoring and analysing the currents [Vas (1998)]. An 
attempt of rotor speed estimation using spatial modulation of the rotor leakage inductance, 
created by periodic variation of rotor slot opening width, has been made by [Jansen and 
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Lorenz (1995b)]. Addition of specific irregularities to the rotor to create small air gap 
variations in the machine for the purpose of speed estimation has also been suggested. The 
irregularities are detected by injection of high frequency signal into the stator currents. These 
irregularities produce amplitude oscillations in the stator currents generated by the high 
frequency carrier, and the oscillations are proportional to the rotor position [Dixon and 
Rivarola(1996)]. 
However, the variation of rotor slot opening width may cause adverse effects on the 
magnetising inductance and this could result in torque pulsation. Variation of the depths of 
rotor slot openings to spatially modulate the rotor leakage inductance will almost have no 
effect on the magnetising inductance, but the rotor lamination asymmetry may not be 
desirable by the manufacturers. Variation in rotor slot opening fill can help to obtain leakage 
inductance modulation. However, it could also have some other adverse effects [Vas (1998)]. 
Iron saturation in induction machines also degrades the performance of speed estimation 
technique using rotor asymmetry (such as variation of rotor resistance, variation of rotw 
leakage inductance or rotor eccentricity) because it causes some degree of saliency in addition 
to the saliency used to estimate the speed [Staines et al (1998)]. Periodic high frequency 
voltage burst is injected into the machine instead of continuous high frequency voltage to 
avoid the saturation. 
An entirely different approach to induction machine speed estimation is the one that 
relies on the induction machine model. An open loop speed estimator that utilises only the 
induction machine equations and has no corrective action will be explained in more detail in 
section 6.2. The other model based speed estimators reviewed further on are of closed-loop 
structure, where apart from an induction motor model equations some corrective action is 
introduced to improve the accuracy of the speed estimate. Closed-loop speed estimators 
based on machine models can give satisfactory performance in sensorless induction machine 
drives. Speed estimators using model reference adaptive system (MRAS) are one category of 
the closed-loop machine-model based estimators, which can give reliable estimation and good 
performance for speed sensorless induction motor drives [Griva et al (2001)]. Measured stator 
voltages and currents are used in these estimators for extracting the information about speed 
fix)m two machme models. In the first model, certain state or other variable of the induction 
machine is calculated independently of the rotor speed, and the model is called reference 
model. In the second model, the same variable is calculated from a different machine model 
that is dependent on the rotor speed. The estimated rotor speed is used in the second model as 
feedback signal. The second model is called adaptive model. The difference between the 
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variables from the two models is used to find the estimated value of the rotor speed through 
an adaptation mechanism. The adaptation mechanism tunes the adaptive model to obtain a 
satisfactory estimation of speed [Vas (1998)]. 
The adaptation mechanism can be derived by using Popov's criterion of hyper-
stability, which results in a stable and fast response system [Vas (1998)]. The difference 
between the state variables mentioned above is formulated into an error signal. This signal is 
used as input into a PI controller, whose output is the estimated speed. The variables of an 
induction machine that have been used so far for MRAS speed estimators are rotor flux, back 
EMF, reactive power and air gap power. Rotor flux based MRAS speed estimator is, however, 
the most frequently used MRAS speed estimator [Schauder (1992), Tajima and Hori (1993)]. 
Each of these variables will give different performance characteristics of the speed estimator. 
It has been shown that rotor flux based MRAS speed estimator gives good estimation 
in medium performance sensorless drives over a wide range of speed excluding zero and near-
zero speed [Conroy et al (1995)]. Back EMF based estimator also produces good estimation 
over a wide range of speed but the performance at low speed is affected by the inaccuracy of 
stator resistance [Conroy et al (1995)]. Reactive power based estimator has the advantage of 
eliminating the dependency on stator resistance [Peng and Fukao (1994)]. It is, however, 
characterised with difficulty in obtaining stable control under all operating conditions and it 
still depends on stator transient inductance [Conroy et al (1995)]. Air gap power based speed 
estimator is independent of the stator transient inductance. Nonetheless, stator resistance 
variation affects the performance at low speed and an on-line identification scheme for stator 
resistance is needed to have accurate estimated speed [Conroy et al (1995), Zhen and Xu 
(1995)]. 
The transient response of MRAS based sensorless vector control is similar to the 
response of vector control with speed measurement [Wang (1999)]. Rotor flux based MRAS 
speed estimator offers advantages in terms of hardware implementation requirem^its, whra 
compared to other MRAS based schemes [Marwali and Keyhani (1997)]. 
Artificial-intelligence-based MRAS speed estimators, which do not require 
mathematical model and whose adaptation mechanism is a part of the tuning system of an 
appropriate artificial intelligence network, can also offer good performance, especially at low 
and very low speed [Vas (1998)]. The problems experienced with the MRAS speed estimators 
in the low speed region can be therefore avoided. 
A closed loop speed estimator can be defined as an observer [Vas (1998)]. A closed 
loop estimator contains a correction term, which involves the estimation error. This correction 
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term is used to adjust the response of the observer. The observer is more robust than an open 
loop estimator in terms of immunisation against deviations of parameters and noise, both in 
steady state and transient states. Observers can be classified as deterministic observers or 
stochastic observers according to the representation of the systems, for which they are used to 
estimate variables or parameters [Vas (1998)]. Luenberger observers and Kalman filters are 
the most commonly used closed loop estimators P u et al (1994)]. Luenberger observers are 
of deterministic type and Kalman filters are of stochastic type. The basic forms of both types 
of observers can only be used with a linear system. For non-linear systems, the extended 
forms of these observers have to be used [Vas (1998)]. 
Many kinds of observers can be used for speed sensorless high performance induction 
motor drive, such as full order adaptive state observer (which is built from the equations of an 
induction machine in a stationary reference frame and additional error compensators [Vas 
(1998)]), extended Kalman filters (EKF) and extended Luenberger observers (ELO). While in 
a full order adaptive state observer rotor speed is a parameter, it is a state variable in EKF and 
ELO. When an appropriate speed observer is used in speed sensorless high performance 
induction motor drive, stable operation can be achieved over a wide speed range, even at very 
low speed. The observers have been used widely in industrial applications of induction motor 
drives and will have an increasing role in the future [Vas (1998)]. 
Full order (fourth order) adaptive state observer can be obtained by modification of a 
rotor flux estimator to give a speed signal. The stability of the system can be assured by 
deriving the adaptation mechanism of the system fcom state error dynamic equations of the 
induction machine and Lyapimov's stability theorem [Vas (1998)]. Adaptive state observers 
can be used for estimation of states and/or parameters of a non-linear system in real time. 
Ehiring the calculation, the states are estimated based on a mathematical model. The predicted 
states are continuously adjusted by a feedback correction scheme. Extended Kalman filters, 
when used in conjunction with speed sensorless induction motor drives, can give high 
accuracy of estimated speed over a wide range of speeds and joint estimation of other state 
variables and parameters can also be incorporated in the control scheme. However, the 
intensive computational task is the most important drawback of the method. It requires 
powerful hardware to provide fast response and it is not preferable in terms of economy. EKF 
is a recursive stochastic state estimator, which can be used for non-linear dynamic systems by 
utilising the monitored signals disturbed by random noises [Vas (1998)]. It is also assumed 
that the measurement noise and disturbance noise are not correlated. Inaccuracy in modelling 
and measurement is also accounted for through the noise. 
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Extended Luenberger observers are used for the control schemes with joint estimation 
of flux and speed. They are applicable to non-linear time-varying deterministic systems. ELO 
is used for replacement of EKF for the joint estimation in a high performance induction motor 
drive. Extended Kalman filters expose inherent problems created by the stochastic approach 
[Vas (1998)]. An EKF has problems when the noise contents of the system and the 
measurements are too low. Unlike standard linear Kalman filter, extended Kalman filters are 
not optimal. There may be a problem of biasing when the assumed characteristics of 
stochastic noise do not match those of the real noises. Extended Luenberger observers also 
give better performance at steady state with the higher accuracy of the estimated speed [Vas 
(1998),Cirrincione (2005)]. 
2.6 Summary 
A comprehensive literature review, related to the relevant aspects of the research in 
this project, is presented in this chapter. The potential application areas for multi-phase motor 
drives, such as electric traction, more-electric aircraft, ship propulsion and electric and hybrid 
vehicles are surveyed at first. It is concluded that multi-phase machine drives in such 
applications offer many advantages when compared to their three-phase counterparts, 
primarily due to the increased reliability, flexible control features and potential for reduction 
of the switch power rating. The latest developments in the area of multi-phase motor drives 
are examined next, with an emphasis on five-phase and six-phase (true and quasi) drives. 
The papers related to the modelling and control of three-phase and multi-phase 
inverters, encompassing both the open-loop and closed-loop PWM schemes, is finally studied 
and a review is presented. The choice of an appropriate PWM technique for a multi-phase 
inverter is an important issue, as the use of multi-phase machines introduces severe distortion 
of stator current, leading to large winding losses and increased stress on inverter. It is 
concluded that, in principle, the already available current control methods for tfiree-phase 
inverters are applicable to multi-phase inverters as well. 
The last section of this chapter discusses numerous sensorless speed estimation 
techniques used in vector controlled drives. It is concluded that in principle, the sensoriess 
techniques used for three-phase induction machine may be equally applied to multi-phase 
machine because d-q modelling of multi-phase machine is same as one for three-phase 
machine and also the vector control principle used for three-phase machine may be used for 
multi-phase machine. 
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CHAPTER 3 
FIVE-PHASE AND SERIES CONNECTED FIVE-
PHASE TWO MOTOR DRIVE SYSTEM 
3.1 Introduction 
The first part of this chapter details at first the modelling and control of a five-phase 
drive system including inverter, controllers and motor. The five-phase machine model is 
developed next in phase domain and then it is transformed into a system of decoupled 
equations in orthogonal reference firames (section 3.3). The d-q axis reference frame currents 
contribute towards torque and flux production, whereas the remaining x-y components plus 
the zero-sequence components do not. This allows a simple extension of the rotor flux 
oriented control (RFOC) principle to a five-phase machine, as elaborated in section 3.4. 
The inverter current control techniques, used in vector control, are further reviewed in 
section 3.5. Current control in stationary reference fi-ame is elaborated using hysteresis 
method. Tuning of the speed controller and the current controller is performed for the given 
drive parameters and the procedure is described in detail. A simulation study is finally 
performed for speed mode of operation, for a number of transients, and the results are 
presented in section 3.6. 
The analysis of the five-phase voltage source inverter operation is reviewed in Shi and 
Toliyat (2002), Xu et al (2002a), Toliyat et al (2000), Toliyat (1998), Toliyat et al (1993), and 
Ward and HSrer (1969). Five-phase induction motor modelling and vector control principles, 
reviewed in sections 3.3-3.4, are elaborated in more detail in Jones (2002) and Jones (2005). 
The next part of this chapter deals with a two-motor five-phase drive system in which 
stator windings of two five-phase induction machines are connected in series. Introduction of 
an appropriate phase transposition in the series connection leads to a complete decoupling of 
the flux/torque producing current of one machine fi"om the flux/torque producing current of 
the second machine as shown in Levi et al (2003d). Thus an independent control of two five-
phase induction machines, fed by a single PWM voltage source inverter becomes possible by 
means of vector control. The drive structure is reviewed first in section 3.7. 
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Section 3.8 is devoted to the discussion of the vector control principle for the whole 
two-motor drive system. Hysteresis current control scheme in the stationary reference frame 
is employed to control the drive in speed control mode to study the dynamic behaviour. The 
simulation results are presented and discussed in section 3.9. The original findings of this 
chapter are presented in Levi et al (2003a), Levi et al (2003b), Levi et al (2003d), Levi et al 
(2003e), Iqbal et al (2003), Iqbal et al (2004), Iqbal et al (2005), Iqbal et al (2005a) and Iqbal 
etal(2006). 
3.2 Modelling of a five-phase voltage source inverter: A Review 
3.2.1 Power circuit and switch control signals 
Power circuit topology of a five-phase VSL which was used probably for the first time 
by Ward and HMrer (1969), is shown in Fig. 3.1. Each switch in the circuit consists of two 
power semiconductor devices, connected in anti-parallel. One of these is a fully controllable 
semiconductor, such as a bipolar transistor or IGBT, while the second one is a diode. The 
input of the inverter is a dc voltage, which is regarded fiirther on as being constant The 
inverter outputs are denoted in Fig. 3.1 with lower case symbols (a,b,c,d,e), while the points 
of connection of the outputs to inverter legs have symbols in capital letters (A,B,C,D,E). The 
basic operating principles of the five-phase VSI are developed in what follows assuming the 
ideal commutation and zero forward voltage drops. 
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Figure 3.1. Five-phase voltage source inverter power circuit. 
3.2.2 Space vector representation of a five-phase voltage source inverter 
In order to introduce space vector representation of the five-phase inverter output 
voltages, an ideal sinusoidal five-phase supply source is considered first. Let the phase 
voltages of a five-phase pure balanced sinusoidal supply be given with 
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v^  =-j2Vcos{0l) 
Vj = ^ I2V cos(fi>/ -iTtIS) 
v,=j2Vco^(ot-4Jt/5) (3.1) 
Vj = -jlV cos((ot + 4;r / 5) 
V, = -JlV cos((»r + 2;r / 5) 
Space vector of phase voltages is defined, using power invariant transformation, as: 
v = 72/5(Vo+avj+fl^V4+a*^Vj+a'v,) (3.2) 
where a = expQ2n/5), ^ = exp047t/5), a* = exp(-j27i/5), a*^ - exp(-j47t/5) and * stands for a 
complex conjugate. The space vector is a complex quantity, which represents the five-phase 
balanced supply with a single complex variable. Substitution of (3.1) into (3.2) yields for an 
ideal sinusoidal source the space vector 
v = V5Fexp(yfljr) (3.3) 
However, the voltages are not sinusoidal any more with the inverter supply. They are in 
general of quasi-square waveform. Leg voltages (i.e. voltages between points A,B,C,D,E and 
the negative rail of the dc bus N in Fig. 3.1) are considered first 
Phase-to-neutral voltages of the star connected load are most easily found by defining 
a voltage difference between the star point n of the load and the negative rail of the dc bus N. 
The following correlation then holds true: 
Vr = V , + r nN 
Since the phase voltages in a star connected load sum to zero, summation of the equations 
(3.4) yields 
^nN = (y^X^A + Vfi + Vc + Vo + Vf ) (3.5) 
Substitution of (3.5) into (3,4) yields phase-to-neutral voltages of the load in the following 
form: 
V« = i^/S^A - (VSXvfl + Vc + VD + V£ ) 
n = (4/5Vi» - (VsXvx + vc + VD + vj.) 
Vc =(4/5)vc -(l/5Xv^ +Vfl +Vo +v^) (3.6) 
Vd = (^/SVB - (ysXvA + VB + Vc + Vf ) 
V. =(4/5)v£ -(l/sXv;, +VB +vc +VD) 
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3.3 Modelling of a five-phase induction motor: A Review 
A model of a five-phase induction motor is developed initially in phase variable form. 
In order to simplify the model by removing the time variation of inductance terms, a 
transformation is applied and so-called d-q-x-y-0 model of the machine is constructed. It is 
assumed that the spatial distribution of all the magneto-motive forces (fields) in the machine 
is sinusoidal, since only torque production due to the first harmonic of the field is of relevance 
in this project. All the other standard assumptions of the general theory of electrical machines 
apply. The model derivation is summarised in the following sub-sections. A more detailed 
discussion of the modelling procedure is available in Jones (2005) and Atif (2006). 
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Figure 3.2. Phase-to-neutral voltage space vectors. 
3 J . l Phase variable model 
A five-phase induction machine is constructed using ten phase belts, each of 36 
degrees, along the circumference of the stator. The spatial displacement between phases is 
therefore 72 degrees. The rotor winding is treated as an equivalent five-phase winding, of the 
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same properties as the stator winding. It is assumed that the rotor winding has already been 
referred to stator winding, using winding transformation ratio. A five-phase induction 
machine can then be described with the following voltage equilibrium and flux linkage 
equations in matrix form (underlined symbols): 
(3.7) 
s 
Y-abcde 
L-abcde 
r 
labcde 
-Esiabcde 
~ Lslabcde 
= B.riabcde 
1 —abode 
dt 
'^Lsrlabcde 
dw' 
1 Z—ahcde (3.8) 
L-abcde —riabcde —ntabcde 
The following definition of phase voltages, currents and flux linkages applies to (3.7)-(3.8): 
^Ac«fe=[v« ^bs V„ Vj, V „ f 
iabcde~i'as 'bs 'a 'ds 'al (3.9) 
v ^ = [v« n. w„ Wds wj L-abcde 
labcde = \^ar ^hr V^ Vj^ V ^ f 
<ibcde ~ I'ar 'br 'cr 'dr 'eri tabcde (3.10) 
V^H^ = \!f^«r nr Wcr ¥dr VerJ Z-abcde 
The matrices of stator and rotor inductances are given with {a = 2^/5): 
L,= 
k,= 
Laos ^abs 
^abi ^bbs 
^acs ^bcs 
^ads ^bds 
,^aes ^bes 
' Li,+M 
Mcosa 
Mcos 2a 
A/cos 2a 
^COSOf 
^ocs ^ads ^aes 
^bcs ^bds ^bes 
^ccs ^cdi ^ces 
Lab ^dds ^des 
^ces ^des ^ees. 
Mcosa Mcosli 
L^+M Mcosa 
Mcosa LIJ+M 
Mcosla Mcosa 
M cos 2a M cos 2c 
1 Mcosla 
Mcosla 
Mcosa 
L^+M 
t Mcosa 
Mcosa 
Mcosla 
M cos 2a 
Mcosa 
Li,+M 
(3.11) 
L = 
^abr ^acr ^adr ^atr 
^bdr Her ^bdr Her 
^ i« 
4* 
her 
^cdr ^ddr ^der 
^cer ^der ^eer 
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L = 
[L,+M 
Mcosa 
Mcosla 
A/cos 2a 
Mcosa 
Mcosa 
K+M 
Mcosa 
Mcosla 
Mcosla 
Mcosla 
Mcosa 
L,+M 
Mcosa 
Mcosla 
Mcosla 
Mcosla 
Mcosa 
L,+M 
Mcosa 
Mcosa 
Mcosla 
Mcosla 
Mcosa 
L,+M _ 
(3.12) 
Mutual inductances between stator and rotor windings are given with: 
cos^ cos{d+a) cos{0 +la) cos{d-la) cos{0-a) 
co^d-a) cos^ cos{d + a) cos{d +la) cos{0-la) 
L.=M co^-lxx) cos(^-a) cos^ cos(^+a) cos(^ + 2a) 
cos(^ + 2ar) cos(^-2a) cos(^-a) cos^ cos(^+a) 
cos(i9+a) cos(^ + 2a) cos(^-2a) cos(^-a) cos^ 
(3.13) 
—ri —Sr 
The angle ^denotes the instantaneous position of the magnetic axis of the rotor phase 'a' with 
respect to the stationary stator phase 'a' magnetic axis (i.e. the instantaneous position of the 
rotor with respect to stator). Stator and rotor resistance matrices are 5x5 diagonal matrices, 
R,=diag{R, R, R, R, R,) 
R^ = diag{R, R, R, R, Rr) 
Motor torque can be expressed in terms of phase variables as 
(3.14) 
' 2 - dd - 2^°'^ -"*°^J d9 
-abcde 
^e - ^iabcdt 
dL^.r 
d9 tabcde 
(3.15a) 
(3.15b) 
Substitution of stator and rotor currents from (3.9)-(3.10) and (3.13) into (3.15b) yields the 
torque equation in developed form: 
T,=-PM 
\iJar +'b,'br +'c'cr +id.idr +U,r)sm0 + {iJar +'Jbr +>bsicr+U* + i^i„)siB(d + a) + 
[Ids'or "^'eshr "^'ai'cr "^^bs^dr "^'cs'er 
)sm(e+ l£c)+{ij„ +ij,it, + 
sm{d-la)+{it,i„ +i„ibr +'dsicr +Udr +ij„)^mi&-a) 
(3.16) 
3.3.2 Model transformation 
In order to simplify the model, it is necessary to apply a co-ordinate transformation 
that will remove the time varying inductances. The co-ordinate transformation is utilised in 
the power invariant form. The following transformation matrix is therefore applied to the 
stator five-phase winding: 
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^•4 
cosO, cos{^ , -a) cos(^,-2a) cos(^,+2a) cos(^,+a) 
-s in^, - s i n ( ^ , - a ) -s in(^ , -2a) -sin(^,+2a) -s in(^,+a) 
1 cos(2a) cos(4a) cos(4a) cos(2a) 
0 sin(2a) sin(4a) -sin(4a) -sin{2a) 
_1_ J_ J_ J_ J_ 
, V2 V2 V2 -Jl -Jl 
(3.17) 
Transformation of the rotor variables is performed using the same transformation 
expression, except that 9, is replaced with P, where f3 = ds-0. Here 0^ is the instantaneous 
angular position of the d-axis of the common reference frame with respect to the phase 'a' 
magnetic axis of the stator, while /5 is the instantaneous angular position of the d-axis of the 
common reference frame with respect to the phase 'a' magnetic axis of the rotor. Hence the 
transformation matrix for rotor is: 
cos^ cos(^-a) cos(^-2a) cos(/5+2a) cos(fi+a) 
- s i n ^ -sm{p-a) -sm{fi-2a) -sin(^+2a) -sin(/3+a) 
A - r 1 cos(2a) cos(4a) cos(4a) cos(2a) 
- ' ^ V I 0 sin(2a) sin(4a) -sin(4a) -sm(2a) 
L J_ J_ J_ J_ 
^f2 ^f2 ^f2 yl2 ^ 
(3.18) 
The angles of transformation for stator quantities and for rotor quantities are related to the 
arbitrary speed of the selected common reference frame through: 
P = 9,-e=\{o>,-co)dt 
where co is the instantaneous electrical angular speed of rotation of the rotor. 
(3.19) 
3 J 3 Machine model in an arbitrary common reference frame 
Correlation between original phase variables and new variables in the transfonned 
domain is governed with the following transformation expressions: 
id} ~ iljZo*afc I J. = A.I Idq labtde ¥L=ds¥' ^-abak 
Idq ~ drlabcde ^ -i-^Labcde 
(3.20) 
Substitution of (3.7)-(3.8) into (3.17) and application of (3.17)-(3.18) yields the machine's 
voltage equations in the common reference frame: 
v^ = R,i„+PWu v^ = KL+PV^ (3.21) 
Vy. = K'y. + PVy. ^yr = Ktyr + P¥yr 
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Transformation of flux linkage equations of (3.7)-(3.8) results in: 
V/^=(Z^+2.5A/);^+2.5M* 
V^^=(4+2.5A/)/„+2.5M^ 
V'x,=Vx, 
V^ = K'y, 
Vox = kh. 
y/^={L^+1.5M)i^+2.5Mi^ 
V/„=(I^ + 2.5A/)v + 2.5M^ 
Vxr = LJ„ 
Vyr = ArV 
Vor = Khr 
(3.22) 
Introduction of the magnetising inductance L„ = 2.5M enables writing of (3.22) in the 
following form: 
Wt = (4 + 4 )'* + 4 '* ¥* = (4 + 4 )'* + 4'.* 
V'^  = (4 + 4 )v + ^ "V v/jr = (4 + 4 )v + 4 V 
v„ = 4'x. V.r=4'xr (3.23) 
Wy.=Kiy. Wyr=kr'yr 
Wo. = 4 ' 0 . (''or = 4 '0 , 
Finally, transformation of the original torque equation (3.15b) yields 
e^ = -Y^tdr'qs ' 'ds'qr \ Q 24) 
Mechanical equation of rotor motion is invariant under the transformation and is 
7 ; - 7 - , = ^ ^ (3.25) 
3.4 Rotor flux oriented control of a five-phase induction motor 
3.4.1 Indirect vector controller 
The basis of vector control is the selection of the speed of the common reference 
fi-ame. In rotor flux oriented control scheme the speed of the reference frame is selected as 
equal to the speed of the rotor flux space vector. The rotor flux space vector is kept aligned at 
all times with the real axis (d-axis) of the common reference frame, while q-axis is 
perpendicular to it. As the rotor flux space vector is aligned with the real axis its imaginary 
component always remains equal to zero. 
Rotor flux oriented reference frame is defined with 
d^, (3.26) 
47 
Chapter 3: Five-phase and series connected two five-phase induction motor drive system 
where angle ^ denotes instantaneous rotor flux space vector position. Rotor flux space vector 
becomes a pure real variable in this special frame of reference, 
¥_^ = Wdr +JVqr = Vr (3.27a) 
i.e., it follows that 
Wdr^Vr V , r = 0 <^Vgrl* = ^ (3.27b) 
Machine model obtained by transforming only d-q windings with the rotational 
transformation is considered further on. Assuming that the machine is current fed, one can 
omit the stator voltage equations from further consideration. From the model of the machine 
in an arbitrary reference frame (3.21), (3.23), (3.24), with stator equations omitted, 
0 = R,i^+py,„ (3.28) 
0=Rri,r+P<yyr 
0 = K'0r+PWor 
^t=(L^+LJi^+LJ^ 
W.=KL (3.29) 
Te=PL„^^i,s-W<,r) (3.30) 
and observing that x-y-0 rotor current and flux components are identically equal to zero, one 
further obtains by substitution of (3.27) into (3.28)-(3.30) 
(3.31) 
(3.32) 
¥r 
{<o, 
o>d 
Te = 
' dt 
-<0)WrTr 
TrVr 
P^W^gs 
•- i-m'd. 
= I'miq, 
(3.33) 
where7, = LjR,. It can be seen from (3.31)-(3.33) that the flux and torque producing currents 
in five-phase machines are only d-q components, thus the vector control scheme for a current 
fed five-phase machine is identical to the scheme for a current fed three-phase machine. The 
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only difference is that the co-ordinate transformation now generates five phase current 
references instead of three. The configuration of the indirect vector controller for operation in 
the base speed region is illustrated in Fig. 3.3 for the five-phase induction machine. Constants 
in Fig. 3.3 are determined with the following expressions (which are in essence identical to 
those for a three-phase induction machine with indirect rotor flux oriented control): 
(o's,=K2i'g,=>K2=o>',,/il,= 1 
(3.34) 
TrWr T,i^ 
Determination of these constants is discussed next, in the following subsection. The 
same applies to the design of the PI speed controller that will be needed in simulations related 
to the speed mode of operation of the drive. Induction motor data are given in the Appendix 
A. 
Figure 3.3. Indirect vector control of a five-phase induction machine in the base speed region. 
3.4.2 Design of the indirect vector controller 
In order to design an indirect vector controller one needs to determine constants Ki 
and K2 in Fig. 3.3 and speed PI controller parameters. 
In steady state operation under rated operating conditions (index n stands for rated 
values) one has 
Wr=Wm 
Vn, = L„idsn 
TL=T„ 
^sln = 
^m'qsn 
TrWn 
(3.35) 
(3.36) 
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The stator current RMS value will equal the rated value. Since power invariant transformation 
is used, this means that the magnitude of the stator current space vector will be Vs greater 
than the RMS value (which is 2.0 A). Hence 
/•..=V5/„= 4.4721 A 
'•-=yliln+': ;2 'sn •yatin ^ gsn 
(3.37) 
Taking into account that the rated RMS rotor flux is 0.57 Wb and the rated per-phase torque is 
1.667 Nm, one has 
V^ ^ = 0.57 xV5=l.274 Wb 
7;„=8.0Nm 
The rated torque is determined with (3.35) where the pole pair number equals two and the 
magnetising and the rotor inductances are 0.41 H and 0.45 H, respectively. By solving (3.37) 
and the torque equation of (3.35) one gets the rated stator d-q axis current components 
/ ^ = 3.015 A / ,„= 3.5511 A (3.39) 
The two constants defined in (3.34) and required in the mdirect vector c(»itrol scheme of Fig. 
3.10 are finally 
K, = - ^ - V = - 4 - 1 - = 0.420 K, = co'JC = - — = - ^ = 4.412 (3.40) 
3.5 Current control techniques and speed controller design 
3.5.1 General considerations 
Current controlled PWM inverter is the most frequent choice in high performance ac 
drives as decoupled flux and torque control by instantaneous stator current space vector 
amplitude and position control is achieved relatively easily. 
All the current control techniques for VSIs essentially belong to one of the two major 
groups. The first group encompasses all the current control methods that operate in the 
stationary reference fi-ame while the second group includes current control techniques with 
current controllers operating in the rotational frame of reference. If the current control of an 
induction machine is performed in rotational reference frame, decoupling of stator voltage 
equations substitutes local current feedback loops in stationary reference frame, which 
suppress influence of stator voltage equations. 
Current control in stationary reference frame is usually implemented in an analogue 
fashion. Three types of current control techniques are met in the literature: 
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1. Hysteresis control 
2. Ramp-comparison control 
3. Predictive or adaptive control 
Hysteresis controllers utilise a hysteresis band in comparing the actual current with the 
reference current. The ramp-comparison controllers compare the current error to a triangular 
carrier waveform to generate the switching signals for the inverter. In predictive control 
schemes the inverter voltage is calculated to force the current to follow the reference current. 
The most pronounced shortcoming of the hysteresis current control is the variable 
inverter switching frequency over a period of output voltage. Current control by ramp-
comparison controllers overcomes this problem. Here current error serves as modulating 
signal, which is compared to the triangular carrier wave. Deviation of amplitude and phase of 
phase currents with respect to commanded values unfortunately takes place and some 
compensation has to be mtroduced. Another difficulty arises from a possibility that multiple 
crossing of the carrier may occur if the frequency of the current error becomes greater than 
the carrier frequency. This can be overcome by adding hysteresis to the controller. The 
advantage of the ramp-comparison current control with respect to hysteresis current control is 
the fixed and constant inverter switching frequency. The predictive control is characterised by 
a fixed switching frequency as well. However, time required for the calculations is significant. 
Moreover, an efficient prediction requires the load knowledge as well. 
Ramp-comparison current control in stationary reference frame requires that current PI 
controllers process alternating signals, that can be of a large frequency range. Furthermore, 
controller characteristics in steady state depend on the operating frequency and the machine 
impedance. These shortcomings can be partially but not completely eliminated by different 
modifications of the basic current confrol principles. At low operating speeds the induced 
rotational electromotive force in the machine is small and current control enables veiy good 
tracking between reference and actual currents, with respect to both amplitude and i^iase. 
However at higher speeds, due to limited voltage capability of the inverter and finite inverter 
switching frequency, tracking worsens and an error is met in both amplitude and phase of 
actual currents compared to reference currents. This feature becomes very pronounced in the 
field-weakening region where the inverter operates very close to the voltage limit. The 
problem may be solved by moving current controllers from the stationary to the rotating 
reference frame. The outputs of the current controllers then become voltage references in 
rotational reference fi^me. If the inverter switching frequency is high enough, decoupling 
circuit for stator dynamics is usualiy omitted. 
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Current control in rotational reference frame is well suited to fully digital realisation. 
The main advantage of this method of current control is that current controllers (most 
frequently of PI type) process dc signals. As the current control is performed in rotational 
reference fi-ame, measured currents have to be transformed from stationary to rotational 
reference frame. When current control in rotational reference frame is applied, different 
PWM methods may be utilised for creation of the desired voltages at machine terminals. For 
example, sinusoidal PWM may be selected or voltage space vector modulation may be 
chosen. 
3.5.2 Hysteresis Current controllers 
The structure of an induction motor drive with current control in the stationary 
reference frame is depicted in Fig. 3.4. Five independent controllers in five phases a,b,c,d,e 
reference frame are used. The current controllers in Fig. 3.4 can be of either hysteresis type or 
ramp-comparison type. 
The idea of hysteresis current control is in essence very simple and well suited for 
analogue realisation. Actual currents are allowed to deviate from their reference values for a 
fixed value termed as hysteresis band (Fig. 3.5).The discrepancy between actual and reference 
currents will vary in time and will be either positive or negative. The values of the hysteresis 
band are the same for both positive and negative variation. The state of the appropriate leg of 
the uiverter bridge changes once when the difference between actual and reference current 
exceeds hysteresis band. For example, suppose that the upper switch in phase 'a' leg is closed, 
while the lower switch is open. This state will be preserved as long as the current error in 
phase 'a' is within hysteresis band. However, when the actual current in phase 'a' becomes 
greater than the reference value plus hysteresis band, the upper switch will be opened and the 
lower switch will be closed. Vaas the actual current will be forced to reduce and &11 once 
more within the hysteresis band. As the actual current change in time is function of the drive 
dynamics and operatmg state, the instants of inverter semiconductor switching cannot be 
predicted and will vary. Furthermore the switching frequency of the inverter varies and is not 
constant even over one cycle of the output frequency. The principle of hysteresis current 
control is illustrated in Fig. 3.6, where the inverter leg voltage is shown as well. One clearly 
observes in Fig. 3.6 how the switching frequency of the inverter varies from one cycle of 
operation to the other cycle. Periods of inverter switching are denoted as Tl, T2, T3 and T4 
and one easily observes that Tl is the largest out of the four, while T4 is the smallest. 
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In the system shown in Fig. 3.4 only speed controller is present (its input is the speed 
error, not shown in Fig. 3.4), whose output becomes after appropriate scaling q-axis current 
command. The d-axis reference current is obtained by dividing the reference rotor flux by 
magnetising inductance. 
Hysteresis band for hysteresis current control is selected in all simulations (for both a 
single-motor drive in this chapter and multi-motor drives in subsequent chapter) as ±2.5% of 
the motor rated (peak) current value, i.e. as equal to ±0.07 A (motor rated RMS current is 2.0 
A). Speed controller parameter setting is discussed in detail in section 3.5.4. 
•ds = *<lsii 
^ ^ ) - ^ E F K ^ 
a i ' 
Figure 3.4. Induction motor drive structure with current control in the stationary reference 
frame. 
Comparator 
with hysteresis 
Ai. 
; ' 
. L 
IGBT 
drivers 
Upper 
switch 
* 
Lower 
switch 
Figure 3.5. Hysteresis current controller. 
3.5.3 Ramp-comparison current control 
The structure of the drive system with ramp-comparison controller is again the one 
shown in Fig. 3.4. Current error is formed in the stationary reference frame and is further 
passed through PI current controllers. The outputs of the current controllers are phase voltage 
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references which are compared to the triangular carrier wave of the fixed frequency. As the 
triangular carrier wave is of fixed frequency, while frequency of the current error varies, the 
ratio of these two frequencies is not an integer and so-called asynchronous PWM results. 
Asynchronous PWM in general leads to generation of unwanted sub-harmonics in the output 
voltage waveform. However, if the triangular carrier wave frequency is high enough this 
effect can be neglected as it will not have any serious impact on the drive behaviour. In 
general, five carrier waves are needed, one per phase. However, if the triangular carrier 
fi^quency is high enough, one carrier wave may be used for all the five phases. Generation of 
the inverter voltages using ramp-comparison control is illustrated in Fig. 3.7. 
h = hysteresis band 
Figure 3.6. Principle of hysteresis current control (currents and a leg voltage). 
The tuning of PI current controller is discussed next. The fi^uency of the triangular 
carrier wave for ramp-comparison control is fixed at all times to 5 kHz and its amplitude is 
±1. The outputs of the PI current controllers, which are implemented as discrete PI 
controllers, are limited to ±1 in order to ensure operation in the full PWM mode at ail times. 
Tuning of the current controller parameters is performed first, with speed control loop kept 
open. Phase current references are generated through the co-ordinate transformation, from 
imposed d-q axis current references. Stator d-q axis current references are given as pulsed 
current waveforms, with a period of 0.015 s and the pulse duration of 0.0045 s. The amplitude 
of the pulse in d-q axis current references is set to 2.45 A. The integral gain is kept at a 
sufficiently low value and the proportional gain is gradually increased in order to achieve 
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good tracking between the pulsed phase current reference and the actual current response. 
Once the current response becomes of acceptable nature, the proportional gain is fixed and the 
integral gain is gradually altered to obtain an acceptable overshoot in the current response. 
The procedure is illustrated in Fig. 3.8, where the reference pulsed phase 'a' current and the 
actual current response are shown for four different pairs of proportional and integral gains. 
The current response obtained with the proportional gain equal to 0.65 and the integral gain 
equal to 0.75 was deemed to be acceptable and is selected for further work. It should be noted 
that, due to the discrete form of the PI controller, what is called here integral gain is, strictly 
speaking, not the integral gain. The value of 0.75 mentioned above is in essence a product of 
the sampling time (20 ^s) and the integral gain of the continuous PI controller equivalent. 
,,0^ ^"-^ ^ 'e"r^ 
INVERTQtx 
Figure 3.7. Ramp-comparison current control. 
The same tuning procedure was repeated for the two-motor drive systems (five-phase). 
The impedance seen by current controllers changes due to the series connection of two 
machines. Figures 3.9 and 3.10 illustrate the phase 'a' current reference (which is the same as 
for one five-phase machine case) and the actual current response for the five-phase two-motor 
drive and the six-phase two-motor drive system, respectively. As can be seen fi-om these two 
figures, the current response obtained with the proportional gain of 0.65 and the integral gain 
of 0.75 is very similar as for the single-motor five-phase drive. These current controller 
parameters are therefore used in all simulations related to ramp-comparison current control, 
reported in this and the subsequent chapter. 
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Figure 3.8. Tuning of the current PI controller for a single- five-phase motor drive, using a 
pulsed current reference. The values of Kp and Ki are, respectively: 
a. 0.2 and 0.002; b. 0.65 and 0.002; c. 0.65 and 0.2; d. 0.65 and 0.75. 
> 
t" 
1 ' 
• 
IWtoMW 
r 
N. 
r N 
L 
y 
L 
r 
L 
• ooK on ao« o« oos on out ooi 0 oaoi 001 OOH oat oon oai ooaa oe« 
(a) 
M M M M 
l 
n 
I 
' 
-
0 • • § OM «•« tot BBOB • • OOM OM • oai OM 
(c) (d) 
Figure 3.9. Tuning of the current PI controller for a two-motor five-phase drive. 
The values of ^  and Ki are, respectively: a, 0.2 and 0.002; b. 0.65 and 0.002; c. 0.65 and 0.2; 
d. 0.65 and 0.75. 
3.5.4 Speed controller design 
PI speed controller is considered next. Two different speed controllers are designed, a 
continuous one and a discrete one. Both speed controllers are used in simulations further on. 
The type of the speed controller used in conjunction with any specific simulation will be 
indicated in the corresponding section with simulation results. The design of continuous speed 
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controller is presented first. For this purpose, and having in mind that the inverter current 
control will be performed in the stationary reference frame using hysteresis or ramp-
comparison technique, the whole current control loop is approximated with unity gain and 
zero time delay. The structure of the speed control loop is then as shown in Fig. 3.10. 
The transfer function of the PI speed controller is 
Gp,{s) = Kp{\+-^) = Kp+K,-^ (3.41) 
CO' 
I ^ • 
"J PI 
T =T 
W P/(Js) 
CO 
w 
Figure 3.10. Structure of the speed control loop. 
The characteristic equation of the above speed control loop is solved forl + G„(5)//(5) = 0, 
where according to Fig, 3.10 H{s) = \l{sJIP). The parameters a^eJ = 0.025kgm^P = 2. 
Hence the characteristic equation is 
s^ + 66.67 KpS +66.67 K, =0 (3.42) 
The coefficients in the above equation are equated with those in the following equation, 
which defines the desired closed loop dynamics in terms of the damping ratio ^ and natural 
frequency coa: 
s^+2^Q)oS +0)^=0 (3.43) 
Damping ratio is selected as 0.712. The natural frequency for the speed control loop is 
dependent on the bandwidth of the inner current control loop. Maximum practical value of the 
current confrol loop bandwidth in the case of ramp-comparison control with 5 kHz switching 
frequency is 1 kHz. For the purpose of the speed controller design, current loop bandwidth is 
taken as one tenth of the maximum value (i.e. as 100 Hz). Taking the speed control bandwidth 
as one tenth of this value (10 Hz) and approximating the natural frequency with the 
bandwidth, one has (o„ = 2;rl 0 = 62.8318 rad/s. Substitution of the damping ratio and natural 
frequency values into (3.43) and comparison with (3.42) yields the following values for the 
speed controller parameters: 
A: =1.313, /:, =59.116, T = 0..246 (3.44) 
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In the design of a discrete PI speed controller the same procedure is adopted as the one 
used for the PI current controller tuning. A pulsed speed reference (of 200 rad/s amplitude) is 
applied as the input of the PI speed controller and the speed of the machine is observed. The 
reference speed pulsed waveform is applied at 0.2 s. The period of the reference speed pulse 
is equal to 0.6 s. and the pulse duration is 0.3 s. Tuning is again performed using the single-
machine five-phase drive system. The responses obtained with four different pairs of 
proportional and integral gain values are shown in Fig. 3.11. The speed response obtained 
with the proportional gain equal to 2.2 and the integral gain equal to 0.1214 is deemed as 
being satisfactory. The integral gain is rounded to 0.12. 
These discrete speed controller parameters {Kp= 2.2, ^ , = 0.12) are used further on 
in simulations of a single five-phase induction machine described in this chapter, in 
conjunction with both hysteresis current control and ramp-comparison current control. For the 
speed controller there is no need to perform additional tuning trials for the two-motor drive 
systems, since addition of the second machine in series with the first one affects only the 
current control loop, while the speed control loop remains unaffected. 
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Figure 3.11. Tuning of the speed PI controller for a smgle five-phase induction motor drive, 
using a pulsed speed reference. The values of the proportional and the integral gain are, 
respectively: a. 0.2 and 0.002; b. 2.2 and 0.002; c. 1.5 and 0.002; d. 2.2 and 0.1214. 
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3.6 Simulation of a single five-phase induction motor drive 
A simulation program is written using MATLAB/SIMULINK software for an indirect 
rotor flux oriented five-phase induction motor drive. The motor is simulated using developed 
d-q model in the stationary reference frame. The machine is fed by a PWM voltage source 
inverter and hysteresis current control is exercised upon motor phase currents. The drive is 
operated in closed loop speed control mode with discrete anti-windup PI speed controller. The 
anti-windup feature restricts the saturation of the integral part of the controller while working 
in the limiting region. The torque is limited to twice the rated value (16.0 Nm). The drive is 
simulated for acceleration, disturbance rejection and speed reversal transients, at operating 
speed 1200 rpm. 
Forced excitation is initiated first. Rotor flux reference (i.e. stator d-axis current 
reference) is ramped from t = 0 to t = 0.01 s to twice the rated value. It is further reduced from 
twice the rated value to the rated value in a linear fashion from t = 0.05 to t = 0.06 s. and it is 
then kept constant for the rest of the simulation period. Once the rotor flux has reached steady 
state, a speed command of 1200 rpm is applied at t = 0.3 s in ramp wise manner from t = 0.3 
to t = 0.35 s. The inverter dc Imk voltage is set to 420xV2 = 593.1 V, A step load torque, equal 
to the motor rated torque (8.0 Nm), is applied at t = 1 s and the machine is allowed to run for 
sufficient time so as to reach the steady state condition. A speed reversal is then initiated in 
the ramp-wise manner (ramp duration from t = 1.2 to t = 1.25 s). 
Simulation results for the 1200 rpm speed command are shown in Figs. 3.12-3.14. In 
particular, Fig. 3,12 illustrates rotor flux and rotor flux reference for the complete duration of 
the transient, as well as motor speed response, torque response and reference and actual 
current during the acceleration transient. Rotor flux settles to the reference value after initial 
transient and then it remains constant throughout the simulation period (2 seconds), indicating 
that full decoupling between rotor flux and torque control has been achieved. Ehiring 
acceleration motor torque and speed follow the commanded value. Acceleration takes place 
with the maxmium allowed value of the motor torque. Actual motor phase current tracks the 
reference very well. Consequently, torque response closely follows torque reference. There is 
sufficient voltage reserve to enable the complete acceleration transient to take place in the 
torque limit 
Disturbance rejection properties of the drive are studied by applying rated load torque 
to the machine and the resulting responses are shovm in Fig. 3.13. Application of the load 
torque causes an inevitable speed dip. Motor torque quickly follows the torque reference and 
59 
Chapter 3: Five-phase and series connected two five-phase induction motor drive system 
enables rapid compensation of the speed dip. The motor torque settles at the value equal to the 
load torque in less than 100 ms and the motor current becomes rated at the end of the 
transient. Fig. 3.13 also depicts the stator phase voltage, which is typical for a PWM inverter 
fed motor drive. 
Speed reversal transient study is also simulated and the resulting responses are shown 
in Fig. 3.14. Once more it is observed that the actual torque closely follows the reference, 
leading to the rapid speed reversal, with torque in the limit, in the shortest possible time 
interval (approximately 350 ms). The change of phase sequence in stator current because of 
the change in the rotational direction is clearly observed from the plot of the stator current. 
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(a) (b) (c) 
Figure 3.12. Excitation and acceleration transients (1200 rpm speed command) using 
hysteresis current control: a) actual and reference rotor flux, b) actual and reference torque, 
and speed,c) actual and reference stator phase 'a' currents. 
(a) (b) (c) 
Figure 3.13. Disturbance rejection transient at 1200 rpm using hysteresis current control: a) 
actual and reference torque, and speed, b) actual and reference stator phase 'a' currents, 
c) stator phase 'a' voltage. 
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Figure 3.14. Reversing transient (1200 rpm) using hysteresis current control: a. actual and 
reference torque, and speed, b. actual and reference stator phase 'a' currents, c. stator phase 
'a' voltage. 
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3.7 Five-phase series-connected two-motor drive structure: A 
Review 
The concept and detailed treatment of five-phase series connected two motor drive is 
presented in Iqbal (Ph.D. Thesis, 2005). Vector control enables independent control of flux 
and torque of an ac machine by means of only two stator current components (one component 
pair: d-q). This leaves one pair of components as additional degrees of freedom in case of 
five-phase machines as shown in Levi et al (2003d). Hence, if it is possible to connect stator 
windings of two five-phase machines in such a way that what one machine sees as the d-q 
axis stator current components the other machine sees as x-y current components, and vice-
versa, it would become possible to completely independently control the speed (position, 
torque) of these two machines while supplying them fi-om a single current controlled PWM 
voltage source inverter. In simple terms, it is possible to independently realise vector control 
of two five-phase machines using a single VSI, provided that the stator windings of the two 
machines are connected in series and that an appropriate phase transposition is introduced so 
that the set of five-phase currents that produce rotating mmf in the first machine, does not 
produce rotating mmf in the second machine and vice-versa. This explanation constitutes the 
basis of the two-motor five-phase drive system. The proof and exhaustive explanation of the 
concept for general w-phase machine series connections is given in Jones (2002), Jones (2005) 
and Iqbal (2006). 
Machine-I Machine-ll 
Rotor of Machine-I Rotor of Machine-ll 
Figure 3.15. Five-phase two-motor drive with series connection of phase windings and an 
appropriate phase transposition. 
The required phase transposition is analysed in detail in Jones (2002), Jones (2005) 
and Levi et al (2003d) and Iqbal (2006). On the basis of considerations in these references it 
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is possible to construct a connection table, given in Table 3.1. The corresponding connection 
diagram is given in Fig. 3.15 (with the change from machine phase order symbols 1,2,3,4,5 to 
a,b,c,d,e). 
Table 3.1 Connectivity matrix for five-phase two-motor drive. 
Machine 
number 
1 
2 
A 
1 
1 
B 
2 
3 
C 
3 
5 
D 
4 
2 
E 
5 
4 
Phase variable model of two five-phase induction machines connected in series 
according to Fig. 3.15 is developed in state space form (Iqbal 2005). Each of the two five-
phase induction machines can be represented with the model developed in first part of this 
chapter and described with equations (3.7) to (3.14) and (3.16). 
Due to the series connection of two stator windings according to Fig. 4.1 the following holds 
true: 
(3.45) 
^A 
v« 
Vc 
VB 
^E 
'A 
tB 
'c 
ID 
'£ 
= V„,+V„2 
= V*„+Vc,2 
= V„,+V„2 
= V4,+V4,2 
= V „ , + V A J 
= 'ml = 'oi2 
= 'fcjl = 'c»2 
= 'cil = 'es2 
- 'ds\ - 'bsl 
- 'ol = '<fc2 
(3.46) 
Capital letters in indices stand for inverter phase-to-neutral voltages and inverter phase 
currents in equations (3.45)-(3.46). 
By omitting the x-y and zero-sequence equations for rotor windings and the zero-
sequence equation of the inverter, the complete model in stationary reference frame for the 
two five-phase series-connected machines can be written in developed form as: 
V« =«ii'a +(^/ i i+i '« i ) -T^ + ^ », | -^+^i2'o + 4 2 — ; ..JW n .'WK 
di". 
"/» -'h\'p + I 4 i + 4 i ) ^ ^ + ^»,i—X~+^2V "'"42~T dt 
dj, 
dt 
di .di 
v'r =R,,ir +L„^ + R,,ir HL,, + L„,)^ + L„,^ 
dt dt 
di"^ 
dt 
di^ 
dt 
di^ 
dt 
(3.47) 
JjINr j.INV .. 
..w _ p .-/w . f y , p liny . ri .1 \ y , r VJ 
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di: <**! 0 = /^ ,/*, + Z „ , - J - + ( Z H +Z„,)-^+«;i(z„,/r +(Z„ +Z„,)v.) 
di\ di„ 
(3.48) 
o = /^ ,V, +z„ , -^+(z„ + z „ , ) ^ - a \ ( 4 „ / r +(AH +Z„,)/*,) 
rf/ .-/w di,, 
(3.49) 
0 = i^ ,V2 + Z„,-^+(Z^j +Z„,)-^-fi;,(z„,/r + (4 , + Z„,)/^,) 
In addition to these equations that describe the two machines connected in series with 
phase transposition, one needs correlation between inverter phase and d-q voltages and 
currents, 
(3.50) 
Correlation between inverter current components and stator current components of the two 
machines is, using (3.46) and the second of (3.50), given with: 
vr 
X 
y 
m 
. 0 . 
= c 
"v/ 
v« 
"c 
Vo 
yE. 
' -INV ' 
'A 
'B 
flNV 
'c 
'D 
;INV 
JE . 
=c' 
'a 
jOfy 
•mv 
'y 
'0 . 
•mv _ 
'fi ~ 
'x 
•INV _ 
y 
flKV 
'at] ~ 'jcf2 
h,\ = -'>.2 
' i l l ~ 'a»2 
'>.! = '^»2 
'oil ~ 'o»2 
(3.51) 
The equation (3.51) implies that the a-axis and p-axis inverter current components are 
equal to the flux/torque producing stator current components of machine 1 and simultaneously 
X-axis and y-axis (in reverse direction) current components of machine 2. Similarly, x-axis 
and y-axis inverter current components are equal to the x-axis and y-axis stator current 
components of machine 1 and to flux/torque producing current components of machine 2. 
Further, in order to calculate stator phase voltages for individual machines, one 
observes fk>m (3,50) and (3.45) that 
vr=vi-*';.2 
vr=v„,+v„ (3.52) 
vf^=v„,+v« V ^/'.2 
This implies that the a-axis and p-axis circuits of machine 1 are connected in series 
with X-axis and y-axis circuit of machine 2, respectively, and vice-versa. Hence 
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at dt 
d\T di„. 
v^ „ = R,/r HL„, + L„,)-^+ L„,-^ 
dt 
v^,=-^,/r+A 
di' 
dt 
.di di^ 
di""' di 
yfi.2 = ^ 2'r +(^"2 +L„,)-^ + L„, - ^ dt dt 
""as - ^ la'o + ^u 
di" 
dt 
-^y.2=K2'p^ +^2 
di: JL-
dt 
Individual machine phase voltages are then determined with 
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Vx. 
V=l 
V i 
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V>.: 
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(3.53) 
(3.54) 
3.8 Vector control of the two-motor series-connected five-phase 
drive using current control in the stationary reference frame 
The indirect rotor flux oriented vector control scheme is utilised to independently 
control the two series-coimected five-phase induction machines. The vector controller used 
for individual machines is the same as the one used for controlling a single five-phase 
machine (Fig. 3.3). The basic drive structure with vector control scheme is shown in Fig. 
3.16. It should be noted that the same vector control structure has been used in Jones (2002), 
Jones (2005) and Levi et al (2003d) for this two-motor drive system. However, the vector 
control scheme was developed in these references using steady state analysis and physical 
reasoning. 
The stator windings of the two machines in Fig. 3.16 are connected as per the 
transposition rule of Table 3.1. The actual speeds of both machines are sensed and used as 
feedback signal for the speed and vector controllers. The two vector controllers generate 
appropriate phase current references which are summed according to the transposition rule to 
form the inverter phase current references. These reference currents are then compared with 
measured (actual) inverter phase currents to generate the phase current errors. An appropriate 
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inverter current control algorithm (hysteresis (section 3.6.1) is used to provide necessary 
switching signals to the power switches of the VSI to eliminate the phase current error. 
Siiigl»-Ph<ie 
Suptily If DC LINK 
Switching 
Sigult 
Figure 3.16. Vector control scheme for five-phase two-motor drive system (Iqbal 2006). 
The constants of Fig. 3.3 for each machine are determined as 
;• -*- T'-*K -i' /r*=J-itL_L = i-i!i.J_ 
V i - * i ( i )^ i ^ '^i(i) - V i "'^ p I u,' P 1} i' 
M ^ml Wrl ^J ^»i2 '*2 
(3.55) 
1 
7'r2Vr2 ?'r2'*2 
(3.56) 
For simulation purpose the two five-phase induction machines are assumed to be 
identical. Thus the constants in (3.55)-(3.56) are the same as in (3.37). 
The phase current references are formed separately for the two machines, as follows: 
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C = yj- (4i cos (<*,,)- /;, sin (<^ „ )) 
4*1 = J - (4i cos(<*„ - a ) - C , sin((!S„ -or)) 
C = ^ j ( C i cos(^„ - 2 a ) - ; ; , sin(^„ -2a) ) 
'^ 1 = J - (4i cos(^„ + 2a) - /;, sin ((*„ + 2a)) 
C. = y j ('li cos(^„ + a ) - C , sin(^„ +a)) 
(3.57) 
Overall inverter current references are given with: 
'«2=y'j(42COs(^,j)-/;2sin(#>,j)) 
'*2 = ^ j (42 cos((!(,2 - a ) - / ; j sin («>,j - a ) ) 
C2 = ^ - ( 4 2 cos((!(,j - 2 a ) - / ; j sin (,!(,, -2a ) ) 
C2 = ^ j (42 cos(,*,j + 2 a ) - 4 j sin (jiS.j + 2a)) 
Ci = ^ - (42 cos (^,j + a ) - 4 J sin (^,j + a)) 
(3.58) 
/^ =L,+t. Ir=l.,+I.- in=L+lk h=t.l+'dl (3.59) 
3.9 Dynamic behaviour of the five-phase two-motor vector 
controlled drive 
A simulation program is written using Matlab/Simulink software for an indirect rotor 
flux oriented five-phase two-motor drive. The series-connected induction machines are 
simulated using the developed model in the stationary reference frame, given with (4.53)-
(4.56). The machines are fed by a PWM voltage source inverter and hysteresis current control 
(section 3.6.1) is exercised upon the total inverter phase currents. The drive is operated in 
closed-loop speed control mode using anti-windup PI speed controllers. The design of the 
speed controller has been described in section 3.5.4 and proportional and integral gains 
correspond to those of (3.53). The torque of both machines is lunited to twice the rated value 
(16.67 Nm). TTie acceleration, disturbance rejection and speed reversal transients are 
simulated, with two machines running at two different speeds (the first machine at 1500 rpm 
and the second at 750 rpm). 
Forced excitation is initiated first in both machines at the same time. Rotor flux 
reference (i.e. stator d-axis current reference) is ramped from t = 0 to t = 0.015sto twice the 
rated value. It is fiirther reduced from twice the rated value to the rated value in a linear 
fashion from t = 0.055 to t = 0.065 s and it is then kept constant for the rest of the simulation 
period. Once the rotor flux has reached steady state a speed command of 1500 rpm is applied 
at t = 0.35 s in ramp-wise manner from t = 0.35 to t = 0.4 s to machine 1 (IMl). The speed 
command of 750 rpm is applied to machine 2 (IM2) at t = 0.4 s in ramp-wise manner (from t 
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= 0.4 s to t = 0.45 s). The inverter do link voltage is arbitrarily set to 2x(V2x420) = 1187.9 V 
(the inverter input dc voltage is doubled since it feeds two machines). A step load torque, 
equal to the motor rated torque (8.0 Nm), is applied to IMl at t = 1 s and load torque of one 
half the rated value (4.0 Nm) is applied to IM2 at t = 1.1 s. A speed reversal is initiated from 
these steady states (from t = 1.26 s to t = 1.32 s for IMl and from t = 1.31 s to t = 1.36 s for 
IM2). The responses obtained by simulation are shown in Figs. 3.17-3.19. 
It is seen from Fig. 3.17a that the rotor flux builds up independently in the two 
machines and, after attaining rated value in less than 0.1 second, remains further on 
unchanged regardless of what happens to any of the two machines (note that rotor flux plots 
in Fig. 3.17a apply to all three transients, i.e. to the time interval 0 to 2 s). This indicates that 
rotor flux control in any of the two machines is completely decoupled from torque control of 
both machines. Such a situation is confirmed in Fig. 3.17b and Fig. 3.17c, where torque and 
speed responses of the two machines are shown for the initial acceleration transients (up to 
0.9 s). Torque variation in one machine does not affect torque of the other machine and vice-
versa, so that both machines accelerate with the torque in the limit One notices appearance of 
the torque ripple in IM2 prior to the application of the speed conmiand to it (time interval 0.31 
to 0.41 s). This is a consequence of the inverter current higher harmonics and is an expected 
consequence of the non-ideal nature of the inverter. 
Stator phase 'a' current references of two machines, as well as the inverter phase 'a' 
current reference and actual current, are shown in Fig. 3.17d and Fig. 3.17e respectively for 
the same time interval. While the individual phase current references have the familiar 
waveform and are sinusoidal functions in flnal steady state, the inverter current reference (and 
hence the actual current as well) is highly distorted due to Ae summation described with 
expression (4.77). In final steady state of Fig. 3.17e inverter current references are sums of 
two smusoidal functions, of 50 Hz and 25 Hz frequency, respectively. 
Disturbance rejection properties of the drive are illustrated in Fig. 3.18. Since the rotor 
flux remains undisturbed (Fig. 3.17a), torque responses are the quickest possible, leading to a 
rapid compensation of the speed dip, caused by the load torque application. Hie control of the 
two machines is again completely independent. 
Reversing transient is illustrated in Fig. 3.19. Fully decoupled flux and torque control, 
as well as a fully independent control of the two machines, is again evident from the results 
for this transient. The change of phase sequence in stator current because of the change in the 
rotational direction is evident from the current waveforms. 
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Figure 3.17, Excitation and acceleration transients (a) actual and reference rotor flux of IMl 
and INC (b) actual and reference torque, and speed of IMl (c) actual and reference torque, 
and speed of IM2 (d) stator phase 'a' current references of IMl and IM2 (e) actual and 
reference inverter phase 'a' currents. 
(a) 
(IB 11 l » U 
(c) (d) 
Figure 3.18. Disturbance rejection transient: (a) actual and reference torque and speed of IMl 
(b) actual and reference torque and speed of IM2 (c) stator phase 'a' current references of 
IMl and IM2 (d) actual and reference inverter phase 'a' currents. 
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Figure 3.19. Reversing transient: (a) actual and reference torque and speed of IMl (b) actual 
and reference torque and speed of IM2 (c) stator phase 'a' current references of IMl and IMl 
(d) actual and reference inverter phase 'a' currents. 
3.10 Summary 
The first part of this chapter is devoted to review of the components of a single five-
phase vector controlled induction motor drive. Principle of operation of a five-phase VSI, d-q 
modelling of a five-phase induction machine and principle of rotor flux oriented control were 
discussed. Current control in stationary reference fi-ame was fiirther reviewed and current and 
speed controllers were designed for the given machine and inverter data. 
Performance of a vector controlled single five-phase induction machine drive, 
obtainable with hysteresis current control method, is fiirther evaluated and illustrated for a 
number of operating conditions on the basis of simulation results. Full decoupling of rotor 
flux control and torque control was realised by hysteresis current control technique under the 
condition of a sufficient voltage reserve. Dynamics, achievable with a five-phase vectw 
controlled induction machine, are shown to be essentially identical to those obtainable with a 
three-phase induction machine. 
The second part of this chapter is devoted to the modelling and simulation of a five-
phase two-motor drive with two induction machines connected in series with an appropriate 
phase transposition. The system is fed by a single five-phase VSI. The phase variable model 
of the drive system and then transformed into orthogonal set of equations using decoupling 
transformation and then into rotational transformation in the stationary common reference 
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frame and finally a model in an arbitrary common reference frame and in field oriented 
reference frames is reviewed in Levi (2003), Jones (2000) and Iqbal (2006). 
Vector control principle is further discussed for the five-phase two-motor drive 
system. The concept and the models are verified by simulation of the whole system. 
Hysteresis current control in stationary reference frame is examined as means for the inverter 
current control. Dynamic performance with this current control method is as obtained. The 
results show that the two machines can be controlled independently using vector control 
principle without affecting each other. The torque producing current component of one 
machine becomes the non-torque producing component of the other and vice-versa. The same 
applies to the flux producing component. 
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CHAPTER 4 
SENSORLESS OPERATION OF A FIVE-PHASE 
INDUCTION MOTOR DRIVE 
4.1 Introduction 
It has been assumed so far in all the considerations of induction machine that a speed 
(or position) sensor is available and that it provides the required feedback signal for closed 
loop speed control (and the speed/position information for co-ordinate transformation, where 
required). Sensors mounted on the machine shaft are in general not desirable for a number of 
reasons. First of all, their cost is substantial. Secondly, their mounting requires a machine with 
two shaft ends available - one for the sensor, and the other one for the load coupling. Thirdly, 
electrical signals fi-om the shaft sensor have to be taken to the controller and the sensor needs 
a power supply, and these require additional cabling. Finally, presence of a shaft sensor 
reduces mechanical robustness of the machine and decreases its reliability. It is for all these 
reasons that substantial efforts have been put in recent past into possibilities of eliminating the 
shaft mounted sensor. However, the information regarding actual speed and/or position of the 
rotor shaft remains to be necessary for closed loop speed (and/or) position control (and co-
ordinate transformation, if applicable) even if the shaft sensor is not installed. Hence the 
speed (and/or position) has to be estimated somehow, from easily measurable electrical 
quantities (in general, stator voltages and currents). This Chapter discusses issues related to 
speed estimation and simplest speed estimation technique i.e. open-loop speed estimation 
technique. A drive in which the speed/position sensor is absent is usually called 'sensorless' 
drive, where 'sensorless' symbolizes absence of the shaft sensor. However, the sensors 
required for stator current measurement (and, in many cases, stator voltage measurement as 
well) remain to be present so that the term 'sensorless' is somewhat misleading. Sensorless 
vector control of an induction machine has attracted wide attention in resent years. Many 
attempts have been made in the past to extract the speed signal of the induction machine from 
measured stator currents and voltages. The first attempts have been restricted to techniques 
which are only valid in the steady-state and can only be used in low cost drive applications, 
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not requiring high dynamic performance. More sophisticated techniques are required for high 
performance applications in vector controlled drives. In a sensorless drive, speed information 
and control should be provided with an accuracy of 0.5% [Holtz 2006] or better, from zero to 
the highest speed, for all operating conditions and independent of saturation levels and 
parameter variations. In order to achieve good performance of sensorless vector control, 
different speed estimation schemes have been proposed, so that a variety of speed estimators 
exist nowadays. In general, all the existing speed estimation algorithms belong to one of the 
following three groups: 
1. speed estimation from the stator current spectrum; 
2. speed estimation based on the application of an induction machine model; 
3. speed estimation by means of artificial intelligence techniques (artificial neural networks 
and fuzzy logic). 
Estimation can also be defined as the determination of constants or variables for any 
system, according to a performance level and based in the measurements taken from the 
process. Speed sensorless estimation as its name implies, is the determination of speed signal 
from an induction motor drive system without using rotational sensors. It makes use the 
dynamic equations of the induction motor to estimate the rotor speed component for control 
purposes. Estimation is carried out using the terminal voltages and currents which are readily 
available using sensors. There are various rotor speed estimation schemes available in the 
market [Holtz 2006]. These schemes are based on different algorithms with the purpose to 
improve the performance of the speed estimation process. The schemes range from open loop 
basis to closed loop basis with its own advantages and disadvantages. To estimate the speed 
of the induction motor, type of scheme chosen is a factor to consider which at the end will 
determine the design complexity, feasibility and performance of the selected scheme. In this 
chapter, an overview of the speed sensorless estimation schemes available will be discussed. 
Majority of existing speed estimation schemes are based on the induction machine model. 
In general, speed sensorless estimation can be divided into two common groups; 
estimation based on direct synthesis from induction motor dynamic equations and estimation 
based on rotor slot harmonics as illustrated in Figure 4.1. 
4.2 Drawbacks and limitations 
Before looking into individual approaches, the common problems of the speed and 
flux estimation are discussed briefly for general field-orientation and state estimation 
algorithms. 
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4.2.1 Parameter sensitivity 
One of the important problems of the sensorless control algorithms for the sensorless 
induction motor drives is the insufficient information about the machine parameters which 
yield the estimation of some machine parameters along with the sensorless structure. Among 
these parameters, stator resistance, rotor resistance and rotor time-constant play very 
important role than the other parameters since these values are more sensitive to temperature 
f 
changes. 
The knowledge of the correct stator resistance R^ is important to widen the 
operational region towards the lower speed range. Since at low speeds the induced voltage is 
low and stator resistance voltage drop becomes dominant, a mismatching stator resistance 
induces instability in the system. On the other hand, errors made in determining the actual 
value of the rotor resistance i?^  may cause both instability of the system and speed estimation 
error proportional toR,.. Also, correct T^ value is vital decoupling factor in the sensorless 
control scheme. 
4.2.2 Pure integration 
The other important issue regarding many of the topologies is the integration process 
inherited from the induction motor dynamics where an integration process is needed to 
calculate the state variables of the system. However, it is difficuh both to decide on the initial 
value, and prevent the drift of the output of a pure integrator. Usually, to overcome this 
problem a low-pass filter replaces the integrator. 
4.2.3 Overlapping-loop problem 
In a sensorless control system, the control loop and the speed estimation loop may 
overlap and these loops influence each other. As a result, outputs of both of these loops may 
not be designed independently and in some bad cases this dependency may influence the 
stability or performance of the overall system. The algorithms, where terminal quantities of 
the machine are used to estimate the fluxes and speed of the machine, are categorized in two 
basic groups. First one is "the open-loop observers" in a sense that the on-line model of the 
machine does not use the feedback correction. Second one is "the closed-loop observers" 
where the feedback correction is used along with the machine model itself to improve the 
estimation accuracy. 
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Figure 4.1. Type of speed sensorless estimation strategies. 
4.3 Sensorless speed estimation techniques i 
As being explained in previous section, the speed estimation schemes based on the 
direct synthesize of the induction motor equations can be broadly group into two groups. The 
first one is the open loop observer which does not have the feedback correction and the other 
one is the closed loop observer which make use of the feedback correction to improve the 
estimation accuracy. The open loop calculation method is simple to implement but prone to 
error because of high dependency on the machine parameters. The closed loop group 
observers for speed estimation are much more versatile in terms of performance such as the 
Luenberger observers, Kalman Filter observers, MRAS estimators and rotor slot harmonics 
estimator. Each of these speed estimation schemes differs from each other in terms of 
equations and structure used but they share the same objective to provide the speed 
information and to improve the performance of the induction motor drive system. Uniquely, 
the difference exhibits their advantages and disadvantages which will be explained in section 
4.4 of this chapter. The different sensorless speed estimation schemes are explained as 
follows: 
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4.3.1 Rotor slot harmonics scheme 
The space harmonics of the air-gap flux-linlcage in a symmetrical three-phase and 
five-phase induction motor are generated because of the non-sinusoidal distribution of the 
stator windings and the variation of the reluctance due to stator and rotor slots, which are 
called m.m.f space harmonics, stator slot harmonics, and rotor slot harmonics, respectively. 
The rotor slot harmonics can be utilized to determine the rotor speed of induction motors. The 
rotor slot harmonics can be detected by using two different techniques; utilizing either the 
stator voltages or the stator currents. 
When the air-gap m.m.f contains slot harmonics, slot-harmonic voltages are induced 
in the primary windings when the rotor rotates. The magnitude and the frequency of the slot-
harmonic voltages depend on the rotor speed, so they can be utilized to estimate the slip 
frequency and rotor speed. Generally we only use the frequency of the slot-harmonic voltages 
since the magnitude depends not only on the rotor speed, but also on the magnitude of the 
flux-lmkage level and the loading conditions. 
In general, the stator voltage and frequency of dominant component (fundamental slot-
harmonic frequency) of the slot harmonic voltages are given by the following equations. 
y.s=lish+^sZ+Y.^shk (4.1) 
Where w =^ resulting stator voltage 
u,f,= slot harmonic component voltage 
MJ3= thu-d harmonic component of voltage 
Mj;^ = extra time harmonic voltages and k is time harmonic order 
fsh=Nrfr±fx 
= 3Nfi-N,f,, (4.2) 
p / l 
v/hQTeNr=3NT\ 
and /^^ = fundamental slot-harmonic frequency 
fr = rotational frequency of the rotor 
/i = stator frequency 
fji = slip frequency 
N^ = no. of rotor slots per pole pairs 
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Z^  = no. of rotor slots 
s = slip 
P=no. of pole pairs 
0)^= angular rotor sped 
The rotor speed can be obtained by the following equation. 
(Dr=2n^^^^^ (4.3) 
4.3.2 Open-loop estimation scheme 
Open-loop estimators, in general, use different forms of the induction motor 
differential equations. Current model based open-loop estimators use the measured stator 
currents and rotor speed. The speed dependency of the current model is very important since 
this means that although using the estimated flux eliminates the flux sensor, the position 
sensor is still required. On the other hand, voltage model based open loop estimators use the 
measured stator voltage and current as inputs. These types of estimators require a pure 
integration that is difficult to implement for low excitation frequencies due to the offset and 
initial condition problems. Cancellation method open loop estimators can be formed by using 
measured stator voltage, stator current and rotor velocity as inputs, and use the differentiation 
to cancel the effect of the integration. However, it suffers from two main drawbacks. One is 
the need for the derivation which makes the method more susceptible to noise than the other 
methods. The other drawback is the need for the rotor velocity similar to current model. 
A full order open-loop observer, on the other hand, can be formed using only the 
measured stator voltage and rotor velocity as inputs where the stator current appears as an 
estimated quantity. Because of its dependency on the stator current estimation, the full order 
observer will not exhibit better performance than the current model. Furthermore, parameter 
sensitivity and observer gain are the problems to be tuned in a full order observer designs. 
These open loop estimator structures are all based on the induction motor model, and they do 
not employ any feedback. Therefore, they are quite sensitive to parameter variations, which 
yield the estimation of some machine parameters along with the sensorless structure. 
Since x-y components are non flux/torque producing, they do not play any role and 
hence they are omitted from further consideration. 
Simplifying and modifying the five-phase induction motor equations in section 3.4 
describe a new set of equations representing the stator voltages and currents in terms of 
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differential equations represented in matrix form by the following equation. 
dt 
dw 
. dt 
'y.d 
.--1-
-
\R^+aL,p) 
0 iR,+aL,p)\ 
id 
/ • 
fv A'.a.^  i,.A^4X 
The rotor speed equation is given as follows: 
(Or= — 
(tiui \ r ^ „ . \ 
"Hd 
dw 
-q 
dt -q 
r L V J 
d^^ 
Y['^d'-q~'^g'-d 
where, ll=<ll+<£_l 
These equations will be used in the construction of an open loop estimator for simulation 
purpose. The open loop estimator block diagram is illustrated in Figure 4.2. As can be seen 
from figure, the open loop estimator imposes no feedback for rotor speed correction and 
hence it is easily liable to lower accuracy of speed estimation. 
Figure 4.2. Open loop speed estimation scheme structure. 
4.3.3 Observers 
In section 4.3.2, an open loop speed estimator has been described. In open loop 
estimator, especially at low speeds, parameters variation has significant influence on the 
performance of the drive both at steady state and transient state. However, it is possible to 
improve the robustness against parameters mismatch and also signal noise by using closed 
loop observers. The most commonly used observers are Luenberger and Kalman filter types. 
77 
Chapter 4: Sensorless operation of an induction motor drive system 
4.3.3.1 Luenberger observer 
This scheme is based on the fact that one observer estimates the rotor flux and the 
speed is derived by the stator current error and the estimated rotor flux. In terms of 
classification, the scheme that adopts an observer could be also treated as MRAS, where the 
motor is considered as the reference model and the observer is considered as the adjustable 
model. 
The induction motor model in terms of state variables in stationary reference frame is 
given as follows: 
d_ 
dt 
is' 
J—r. 
Ac] 
'An 
L 2^1 
'is' 
Ai 
^22. 
is + "^ r 
[o j ^ r 
^A is' 
w 
+ BYS (4.6) 
(4.7) 
where A is the motor parameters matrix, B is the input matrix, C is the output matrix, 
|;^  ^^  f is the state variables vector, and v^  (stator voltage) is the command. The stator 
current and the rotor flux are estimated by the full order Luenberger state Observer described 
by the following equation: 
d_ 
dt 
—r 
= A 
V". 
+ Bv^+G(ls-is) (4.8) 
In equations (4.7) and (4.8) the different terms are explained as follows: 
- [ l / r X l - a ) / r ; l / , [LJ(r,L,)\l,/T,-S,j] 
A = L„h IT, -I^IT^^a.J 
5 = [/ , /Z„0j 
C^[l„Oj 
J = 
0 -1 
1 0 
12 = diag{\,\), is a second order identity matrix. 
6)2, is a 2x2 zero matrix. 
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In state matrix A, the different terms are as follows: 
L^andL^ are the magnetising inductance and rotor self-inductance respectively, Lj is the 
stator transient inductance, T^ = ll^ IR^ and T^ -1^ IR^ are the stator and rotor transient time 
constants respectively, and a = \-L]„ l{L^L^) is the leakage factor. 
The observer gain matrix is defined as 
.gih+g^J, 
which yields a 2x4 matrix. The four gains in G can be obtained from the eigen-values of the 
induction motor as follows: 
G = 
g,=ik'-l)\- 1 , (1-^) 
T' T' 
g^=-(k-l)d>,^ 
It follows that the four gains depend on the estimated speed, © .^ 
The motor speed can be estimated by: 
^r = Kp[sds^qr - Sq^Wdr ) + ^/ ^^dsH'qr " ^qsWdr M (4-9) 
where e^ - (/^ - /^ )and s„^ = (/ - / )are the current errors calculated as the difference 
between the measured and the estimated currents. The block diagram for Luenberger observer 
is represented in Fig. 4.3. The basic Luenberger observer is applicable to a linear, time-
invariant deterministic system. 
V = Vi=[Vd..V.nl 5-Phase 
IM/Model 
•s=['d..'qs] 
M^v^'tV >[7ji—»0 
< * Vr 
Kp*IVp 
MU^ Spc«d cstimotor 
Figure 4.3. Luenberger based speed estimation structure. 
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The block diagram for Luenberger observer is represented in Fig. 4.3. The basic Luenberger 
observer is applicable to a linear, time-invariant deterministic system. 
4.3.3.2 Kalman filter observer 
The Kalman filter is basically an observer for linear systems, but the gain matrix is 
chosen to have an optimum filtering when both inputs and outputs are corrupted by noise. The 
noise affecting the system can be taken into account by: 
^ = A{t)x{t) + B{t)vit) + G(j)u{t) (4.10) 
dt 
y{t) = C{t)x{t) + w{t) (4.11) 
where x(t), v(t), y(t) represent, respectively, the state variables (stator and rotor currents), the 
commands variables (the stator voltage) and the output variables (the stator current 
components), u(t) and w(t) are the input noise and the output noise, respectively. Usually u(t) 
and w(t) are considered to be white noises (and thus uncorrelated with inputs and states), 
although this is not a necessary restriction . Thus their covariance matrices, denoted as Q(t) 
and R(t) are diagonal respectively. 
Kalman filters can be implemented in either continuous or discrete form. In most 
cases, the discrete form is used, because the control is digital. For non-linear systems, as it is 
the case of induction motors where the rotor speed can be regarded as a time varying 
parameter, a linearized model must be derived to use the Kalman filter algorithm, which is 
referred as the Extended Kalman Filter (EKF). The structure for EKF scheme is depicted in 
Fig. 4.4. The parameter to be estimated (the rotor speed) can be introduced as a new state 
variable. The linearization is done by assuming that the speed is constant during the sampling 
time. The system equations in the discrete time domain are: 
x{k +1) = Ajx{k) + B^k) + Gju{k) (4.12) 
y{k) = Cax{k)^w{k) (4.13) 
where 
G(t) = weighting matrix of noise 
w(t) = noise matrix of state model (system noise) 
v(t) = noise matrix of output model (measurement noise) 
G(t), w(t), and v(t) are assumed to be stationary, white, and Gaussian noise, and their 
expectation values are zero. 
The EKF equation for the estimation of stator and rotor currents and of the rotor speed is: 
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= Ade{k) ' x{k) COrik) + Bde {k)v{k +1) + K{k){y{k +1) - Cx{k)) (4.14) 
•where Afjgik) = Aaik) 0" 
0 1 
andB^(k) = Bdik) 
0 
If the system matrix, the input and output matrices of the discrete system are denoted 
by Aj. Bj and Cj» while the state and the output of the discrete system are denoted by 
x(k)md ^(A;),then 
I-T/T; 0 TLJiL^LJ,) coJLJ(L,L,) 0 
0 1 - r / r ; -coJLJ{L,L,) TLJiL.LX) 0 
A,= 
B,= 
Q = 
TL„ IT^ 
0 
0 
Y/z; 
0 
0 
0 
0 
"1 0 
0 1 
0 
TL„ IT, 
0 
0 
TIL, 
0 
0 
0 
0 
0 
0 
0 
0" 
0 
i-r/7; 
To>, 
0 
-Ta>, 
l-T/T^ 
0 
0 
0 
1 
x(k) = [u (*) V (k)iy^ ikW,r {k)(o, ik)]' 
u{k) = [u^{k)u^Sk)f 
y{k)^[i^{kXXk)f 
where4=cr4=(l--^)4,7;* = 
R,+R,iLJL,r 
I \_Motop_J 
and T is the sampling time. 
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IP—t ^1]-''-^ © 
A(x) 
-[I> 
Figure 4.4. Extended Kalman filter scheme block diagram. 
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4.3.4 Model reference adaptive system estimators 
Tamai has proposed one speed estimation technique based on the Model Reference 
Adaptive System (MRAS) in 1987. Two years later, Schauder presented an alternative MRAS 
scheme which is less complex and more effective. The MRAS approach uses two models. The 
model that does not involve the quantity to be estimated (the rotor speed,®;.) is considered as 
the reference model. The model that has the quantity to be estimated involved is considered as 
the adaptive model (or adjustable model). The output of the adaptive model is compared with 
that of the reference model, and the difference is used to drive a suitable adaptive mechanism 
whose output is the quantity to be estimated (the rotor speed). The adaptive mechanism 
should be designed to assure the stability of the control system. A successful MRAS design 
can yield the desired values with less computational error (especially the rotor flux based 
MRAS) than an open loop calculation and often simpler to implement. 
V I 
n is 
Reference 
Model 
t 
Adaptive 
Model j 
1 
u 
1 
n] f! R y 
•^ 
0>r Adaptatioi 
Mechanisn 
1 
\ 
(a) 
• 
Reference 
.Modei 
Adapflfve 
Model 
v 'Adaptation 
(b) 
Figure 4.5. General structure of MRAS based estimator scheme (a) using space vector 
notation (b) using space vector components. 
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Fig. 4.5 illustrates the basic structure of MRAS. Different approaches have been 
developed using MRAS, such as rotor flux based MRAS (RF-MRAS), back e.m.f based 
MRAS (BEMF-MRAS), reactive power based MRAS (RP-MRAS) and artificial intelligence 
based MRAS (ANN-MRAS). In the following a basic description of these schemes will be 
discussed. 
4.4 Advantages and disadvantages of speed sensorless 
estimation schemes 
In the past, researchers have developed various estimators or observers by 
manipulating the induction motor equations in the effort to eliminate the shaft sensors and 
increase the drives system reliability. Therefore they are distinct in their own ways. This part 
highlights some of the advantages and disadvantages of the available speed estimation 
schemes. 
4.4.1 Open Loop Estimator 
Advantages 
• Simple in construction 
Disadvantages 
• Estimator's accuracy depends greatly on the accuracy of machine parameters used. 
• Suitable for low speed operation. 
• The need for the derivation makes the method more susceptible to noise. 
4.4.2 Model Reference Adaptive System (MRAS) 
Advantages 
• A potential solution for implementing high performance control systems, especially when 
dynamic characteristics of a plant are poorly known, or have large and unpredictable 
variations. 
Disadvantages 
The implementation of the two models in different reference frames affects the complexity 
and robustness of the MRAS scheme. 
• The speed adaptive algorithm used affects the stability and dynamic performance of the 
closed-loop MRAS. 
83 
Chapter 4: Sensorless operation of an induction motor drive system 
4.4.3 Kalman Filter (Observer) 
Advantages 
• Kalman filter algorithm and its extension are robust and efficient observers for linear and 
nonlinear systems, respectively. 
• A major advantage of the Kalman filtering approach is its fault tolerance which permits 
system parameter drifts. Therefore, exact models are not required. 
• The developments in the real time computational speed of digital signal processing chips 
makes the Kalman filter a powerfiil approach to sensorless vector control. 
Disadvantages 
• Robustness and sensitivity to parameter variation still unsatisfied. 
4.4.4 High Frequency Signal (Rotor Slot harmonics) 
Advantages 
• Have the potential for wide-speed and parameter insensitive sensorless control, particularly 
during low speed operation, including zero speed. 
Disadvantages 
• Due to measurement bandwidth limitation, it has not been directly used for rotor speed 
estimation. 
4.4.5 Artificial Intelligence Scheme 
Advantages 
• Neural networks have learning capability to approximate very complicated nonlinear 
fimctions, and therefore considered as universal approximation. 
Disadvantages 
• Requirement of much training or knowledge base to understand the model of a plant or a 
process. 
4.5 Open-loop speed estimation 
In the context of speed estimation based on an induction machine model, the term 
'open loop speed estimation' means that the speed estimation purely relies on the equations of 
an induction machine model. In other words, a corrective action within the speed estimator is 
not present. If there is certain corrective action within the model based speed estimator, such 
an estimator is termed 'closed loop speed estimator'. Note that the meaning of 'open loop' 
and 'closed loop' in this context is not in any way related to the speed control loop of the 
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drive - this loop is always closed and that is precisely the reason why the speed is estimated in 
the first place. The first attempt to operate the induction machine with closed loop speed 
control but without using a speed sensor was based on an analogue slip calculator that 
computed the slip frequency and dates back to 1974. The slip frequency is the difference 
between the stator frequency and the electrical frequency corresponding to rotor speed. By 
calculation of the slip frequency, the speed of the rotor can be determined. The slip 
information is obtained by measuring the electrical quantities applied to the machine. By 
performing simple signal processing operations on the measured quantities, an analogue 
signal proportional to the slip level is derived and used to control the machine. This scheme is 
applicable only in steady-state, in a limited speed range, and is therefore inappropriate for 
high performance vector control. During the last couple of years, several open-loop rotor 
speed estimation methods were developed for sensorless vector control of induction machine. 
Calculation of the rotor speed is based on the induction machine dynamic model. Rotor speed 
is calculated as the difference between the machine's synchronous electrical angular speed 
and the angular slip frequency. 
In this part of the chapter various rotor speed and slip frequency estimators are 
obtained by considering the voltage equations of the induction machine. The schemes 
explained below use the monitored stator voltages and currents or the monitored stator 
currents and reconstructed stator voltages. In general, the accuracy of open-loop estimators 
depends greatly on the accuracy of the machine parameters used. At low rotor speed, the 
accuracy of the open-loop estimator is reduced, and m particular, parameter deviations from 
their actual values have great influence on the steady-state and transient performance of the 
drive system which uses an open-loop estimator. Furthermore, high accuracy is achieved if 
the stator flux is obtained by a scheme which avoids the use of pure integrators. 
In general, open-loop speed estimators depend on various parameters of the induction 
machine. The stator resistance (R^) has unportant effects on the stator flux linkages, 
especially at low speeds, and if the rotor flux linkages is obtained fi^m the stator flux 
linkages, then the rotor flux linkage accuracy is also influenced by the stator resistance. 
However, it is possible to have a rather accurate estimate of the appropriate 'hot' stator 
resistance by using a thermal model of the induction machine. 
In some schemes, the rotor flux linkage estimation requires the rotor time constants, 
which can also vary, since it is the ratio of the rotor self-inductance and the rotor resistance, 
and the rotor resistance can vary due to temperature effects and skin effects, and the rotor 
85 
Chapter 4: Semorless operation of an induction motor drive system 
self-inductance can vary due to skin effect and saturation effects. The changes of the rotor 
resistance due to temperature changes are usually slow changes. Due to main flux saturation, 
the magnetizing inductance {Lj„) can change and thus the stator self-inductance 
(Zj = L^i + L„) and rotor self-inductance (Z-^  = L^i +Lf„) can also change even if the leakage 
inductances (Z^/, Z .^/) are constant. The changes of the rotor self-inductance due to saturation 
can be fast. Due to leakage flux saturation, Z^/, Z /^ and the stator transient inductance (Z^) 
can also change. In a vector-controlled drive, where the rotor flux amplitude is constant, the 
variation of L„ are small. 
4.5.1 Open-Loop Estimator-1 
An expression for the rotor speed can be obtained directly by using the rotor-voltage 
space vector equation expressed in the stationary reference fiame (o)g=0). For the induction 
motor, the direct axis rotor-voltage equation becomes [section 3.4]: 
0 = R^i^+^ + o>,^^, (4.15) 
where y/j, = L.ij, + LJj, (4.16) 
Solving (4.15) and (4.16) we get, the expression for the rotor speed 
1 
CO, = Wgrl dt T^ r . 
(4.17) 
where, rotor time constant Tf.=LrlRr and rotor flux linkage space vector can be expressed 
as 
y^dr=-r (^ <& - ^sids) and v ,^, = - ^ ((//,, - Z>,,) (4.18) 
771 tn 
where Z^  is the stator transient inductance. 
The derivative of y/^ and if/^^ is given by equation as follows: 
(4.19) 
) (4.20) 
dt 
and 
d^qr _Lr 
(V<fa-
(v -
- ^s'ds -
-R i -
-4 
-T' 
dids 
dt 
digs. 
dt L^"' "" ' dt 
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A possible simulink implementation is shown in Fig. 4.6. It can be seen that this 
requires several machine parameters, some of which vary with temperature, skin effect, and 
saturation. Thus speed can only be obtained accurately if these parameters are accurately 
known. At low speeds the accuracy of this estimator is limited. Fig. 4.7 shows the five-phase 
induction motor speed characteristics for fixed voltage and fixed frequency supply and using 
vector controlled technique. The open-loop speed estimator-1 produces large ripples in the 
transient period and less ripples in the steady-state period as shown in Fig. 4.7 (a) and Fig. 
4.7(b). The production of ripples is due to the presence of integrators and differentiators. 
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Figure 4.6. Simulink diagram for open-loop estimator-1 using 2 integrators, 2 differentiator 
and 5 machine parameters. 
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Figure 4.7. Five-phase induction motor speed characteristics using open-lop speed estimator-
1, for (a) fixed voltage and fixed frequency supply (b) using vector control technique. 
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4.5.2 Open-Loop Estimator-2 
It is possible to obtain another rotor speed estimator, which can be obtained from 
equation (4.17) by substitution of equations (4.18) and (4.19). Thus we get 
1 
CO, = - -
i'^gs-L.igs). 
(4.21) 
or 
COr =• 
1 
iWds-Lsids) 
qs K s ^Jqs s ^^ ^ (4.22) 
An estimator using equation (4.21) is shown in Fig. 4.8. The speed estimator shown in 
Fig. 4.3 requires four machine parameters and accuracy of the speed estimator once again 
greatly depends on these. Fig. 4.9 shows the five-phase induction motor sjjeed characteristics 
for fixed voltage and fixed fi-equency supply and using vector controlled technique. The 
open-loop speed estimator-2 produces large ripples in the transient period and less amplitude 
ripples in the steady-state period as shown in Fig. 4.9(a) and Fig. 4.7(b). A low amplitude 
ripples introduces in the speed characteristics at the loading period. The production of ripples 
is again due to the presence of integrators and differentiators. 
Mi><2>u(3)>ocw«© »rT^ 
Figure 4.8. Simulink diagram for open-loop estimator-2 using 2 integrators, 1 differentiator 
and 4 machine parameters. 
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Figure 4.9. Five-phase induction motor speed characteristics using open-lop speed estimator-
2, for (a) fixed voltage and fixed frequency supply (b) using vector control technique 
4.5.3 Open-Loop Estimator-3 
The expression for rotor speed estimator is given as 
0r=<liW,\<L) (4.23) 
This speed expression can be obtained straightforward to use first the rotor voltage equation 
in the stationary reference frame, and the resulting equation is then transformed into the 
stator-flux-oriented reference frame. 
Where \y/\^ii/sx+ JV^sv > L = hx + J'sv and 
IV/. 
^ r 
*sy (^rilV^J-^s'sx) 
(4.24) 
(4.25) 
The numerator of eqn (4.23) contains only v*^  and not the quadrature-axis stator flux. This is 
physically due to fact that in the stator-flux-oriented reference frame the quadrature-axis 
stator flux is zero. The above estimator can be effectively used in a stator-flux-oriented 
vector control scheme even at relatively low stator frequency. An estimator using eqn (4.23) 
is shown in Fig. 4.10. It is possible to obtain an expression for the rotor time constant T^  by 
using eqns (4.23) and (4.24). i 
Fig. 4.11 shows the five-phase induction motor speed characteristics for fixed voltage 
and fixed frequency supply and using vector controlled technique. The open-loop speed 
estimator-3 produces large ripples in the transient period only and in the steady-state period 
ripples are almost absent as shown in Fig. 4.11(a) and Fig. 4.1(b). The production of ripples 
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in the starting is again due to the presence of integrators and differentiators. This speed 
estimator is much better than first two speed estimators which discussed earlier. 
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Figure 4.10. Simulink diagram for open-loop estimator-3. 
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Figure 4.11. Five-phase induction motor speed characteristics using open-lop speed 
estimator-3, for (a) fixed voltage and fixed frequency supply (b) using vector control 
technique. ' 
4.5.4 Open-Loop Estiinator-4 i 
Rotor speed is calculated as the difference between the machine's synchronous 
electrical angular speed and the angular slip frequency. In other words, , 
(O^ 0)„ (^sl (4.26) 
Where (o^ is the rotor speed, (o^f. is the speed of rotor fiux and (Og/ is the angular slip 
frequency. In a rotor flux oriented controlled induction machine, it is possible to obtain the 
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angular slip frequency by using the rotor voltage equation of the machine in the rotor flux 
oriented reference frame. The angular slip frequency can be calculated from: 
o>sl=^^ (4.27) 
Tr IVr 
where L^ can be obtained from the torque equation as: 
2Z L, 
ias=—^-^ (4.28) 
Substitution of equation (4.28) into (4.27), considering that ij/,. = ly^^ in the rotor flux 
oriented reference fi-ame and that 
3 L 
•^^Y'iV^driqs-'Mqrids) Te =^P^(^drias -^arids) (4-29) 
Yields m,, = -:^-^{Wdriqs -^qrids) (4.30) 
h Wr 
The electrical angle ^^ of the rotor flux vector is defined as: 
(f>f. = t a n -1 y^c ir (4.31) 
.t^dr. 
The derivative of the angle equation (4.31) can be used to obtain the electrical angular speed 
of the rotor flux. Therefore, 
d^qr dlf/dr 
''mr=-^ = ^ T ^ - (4.32) 
If the rotor flux components are known, the electrical angular speed of rotor flux can be 
calculated by using equation (4.32). It is convenient to estimate the rotor flux components 
from the stator voltage equations. Derivatives of tiie rotor flux components can be then given 
as: 
dt L„ ^ dt 
<* i», 
^qs ^s^qs ^^s , 
Electrical angular speed of rotor flux, given with (4.32), and angular slip frequency (4.30) are 
thus calculated using (4.33) and measured stator voltages and currents. Finally, the rotor 
speed is estimated from: 
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0)r = CO^r - ^sl ^ 
differ dxiJdr 
^dr ^^ -W,r ^^ 
A+^lr 
Ln, 1 
Trl^^ 
i^driqs-^grids) (4.34) 
Fig. 4.12 shows the simulink diagram of implementation of the speed estimation scheme 
based on the equations given above. The inputs are stator currents and stator voltages in 
stationary reference frame. Stator currents can be measured from the machine terminals. 
Stator voltages can be measured from the machine terminals or reconstructed from the 
inverter switching states and measured DC link voltage. 
tEH 
Figure 4.12. Simulink diagram for open-loop estimator-4. 
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Figure 4.13. Five-phase induction motor speed characteristics using open-lop speed estimator-
4, for (a) fixed voltage and fixed frequency supply (b) using vector control technique. 
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The problems encountered in the implementation of this scheme are two-fold. Firstly, 
since it is model based, accuracy of speed estimation is affected by parameter variation 
effects. Secondly, the scheme involves pure integration that fails at very low and zero 
frequency due to offset and drifts problems. This kind of speed estimator works without 
failure above 10% of rated synchronous speed. 
Fig. 4.13 shows the five-phase induction motor speed characteristics for fixed voltage 
and fixed frequency supply and using vector controlled technique. The open-loop speed 
estimator-4 produces almost no ripples in the transient period as well as in the steady-state 
period as shown in Fig. 4.13(a) and Fig. 4.13(b). This speed estimator is much better than the 
speed estimators which discussed earlier. 
4.5.5 Open-Loop Estiinator-5 
An alternative speed estimation method is again based on the induction machine 
voltage equations and the flux equations in stationary reference frame. The rotor speed can be 
calculated directly using these equations. From the machine voltage equations and flux 
equations the rotor current components in stationary reference can be expressed as a function 
of the stator flux: 
idr=^i¥ds-Lsids) 
'^ (4.35) 
^qr ~~^ Wqs ~ ^s^qs) 
From rotor voltage equation, eliminating the rotor resistances?^, it is possible to obtain the 
rotor speed as follows: 
cOr = ^ ^ ^ - ^ - (4.36) 
fdry^dr+tqrV^qr 
Substitution of equations (4.35) into rotor speed equation (4.36) enables rotor speed to be 
expressed as: 
(V^ds -LM^-iV^qs -Lsiqs)^ 
COr- — ^— (4.37) 
(V/rfy - Lsids)Wdr + iWqs - LsiqsWqr 
where stator flux components and rotor flux components can be estimated by means of the 
following equations: 
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^ds^\iyds-Rsids)dt 
^qs=\(yqs-Rsiqs)dt 
H^dr=-r-Wds f-^^ds 
A aL^L, 
(4.38) 
(4.39) 
y^qr J H^qs , ^qs I 
Fig, 4.14 shows the simulink diagram of implementation of the speed estimation 
scheme based on the equations given above. Fig. 4.15 shows the five-phase induction motor 
speed characteristics for fixed voltage and fixed frequency supply and using vector controlled 
technique. The open-loop speed estimator-5 produces small ripples in the transient period 
only and in the steady-state period ripples are almost absent as shown in Fig. 4.15(a) and Fig. 
4.5(b). The production of ripples in the starting is again due to the presence of integrators and 
differentiators. 
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Figure 4.14. Simulink diagram for open-loop estimator-5. 
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However, due to its limitations, this estimation technique has been deliberately 
considered as the last scheme, since this direct approach cannot be used in two cases: under 
sinusoidal steady-state conditions and also when the rotor flux is constant. In this scheme two 
low pass filters are used for getting accurate value of rotor speed. To obtain high accuracy, the 
two low-pass filters must be identical. This speed estimator depends on various machine 
parameters but does not depend on the rotor resistance. 
Problems related to practical application of this method are the same as those stated in 
conjunction with the previous method. 
4.6 Discussion of results 
Fig. 4.7, 4.9, 4.11, 4.13 and 4.15 shows the five-phase induction motor speed 
characteristics for fixed voltage and fixed fi^equency supply and using vector controlled 
technique for speed estimator-1, -2, -3, -4 and -5 respectively. The first two open-loop speed 
estimators produces large ripples in the transient period and small ripples in the steady-state 
periods, where as third speed estimator produces ripples in the transient period only. The 
production of ripples in the starting is due to the presence of integrators and differentiators. 
The fourth and fifth speed estimators show best results i.e. almost ripple free speed signals. 
The developed model of a five-phase induction motor indicates that the open-loop 
techniques used for three-phase machines can be easily extended to multi-phase machines. 
For multi-phase machines open-loop based speed estimator requires only d and q components 
of stator voltages and currents. From the model of a five-phase induction machine, it has been 
shown that the stator and rotor d and q axis flux linkages are function of magnetising 
inductance Lm and stator and rotor d and q axis currents, where as the x and y axis flux 
linkages are function of only their respective currents. Therefore in speed estimation for 
multi-phase machine the x and y components of voltages and currents are not required. The 
speed can be estimated using only t/and q components of stator voltages and currents. 
4.7 Performance analysis of an open-loop estimator 
4.7.1 Field weakening and strengthening mode 
The accuracy of open-loop estimators depends greatly on the accuracy of the machine 
parameters used. At low rotor speed, the accuracy of the open-loop estimator is reduced, and 
in particular, parameter deviations from their actual values have great influence on the steady-
state and fransient performance of the derive system which uses an open-loop estimator. 
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Furthermore, high accuracy is achieved if the stator the stator flux is obtained by a scheme 
which avoids the use of pure integrators. | 
The important information on the field angle and the mechanical speed is conveyed by 
the induced voltage of the stator winding, independent of the respective method that is used 
for sensorless control. The induced voltage E^ = E^ - RJ^ is not directly accessible by 
measurement. It must be estimated either directly from the difference of the two voltage space 
vector terms E^ and RJ^, or directly when an observer is employed. i 
In the upper speed range above a few Hz stator frequency, the resistive voltage RJ^ is 
small as compared with the stator voltage E^ of the machine, and the estimation of E^ can be 
done with good accuracy. Even the temperature dependent variation of the stator resistance is 
negligible at higher speed. The performance is exemplified by the Fig. 4.16 and Fig. 4.17. 
Fig. 4.17 showing a speed reversal between ±1600 and ±2000 rpm that includes field 
weakening. If operated at frequencies above the critical low speed range, a sensorless ac drive 
with a shaft sensor, even passing through zero speed in a quick transition is not a problem. 
As the stator frequency reduces at lower speeds the stator voltage reduces almost in 
direct proportion, while the resistive voltage RJ^ maintains its order of magnitude. It 
becomes the significant term at low speed. It is particularly the stator resistance R^ that 
determines the estimation accuracy of the stator flux vector. A correct initial value of the 
stator resistance R^ is easily identified by conducting a dc test during initialization. 
Considerable variation of the resistance takes place when the machine temperature changes at 
varying load. These need to be tracked to maintain the system stable at low speed. 
I 500 
(a) (b) (c) 
Figure 4.16. Open-loop speed estimator performance for fixed voltage and fixed frequency 
supply in field weakening mode at (a) 1800 rpm (b) 2100 rpm (c) 2400 rpm. 
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(a) (b) 
Figure 4.17. Open-loop speed estimator performance for vector control in field weakening 
mode at (a) ±1600 rpm (b) ±2000 rpm. 
300 
250 
% ?00 
1 '50 
^ -
T 1 
1 
SO 
.1 
R M T M K C 9(>MC] 
50 
1 » 
100 
1 BO 
1" 
A r-
t 
1 
I «>1| 
— Retereoca Me«d 
TOA 
20 
30 
25 
„ 20 
1 
i: 
s 
^ 5 
0 
 
:: 
'1 ' f 
i ^ 
J f i^^i 
, 
(a) (b) (c) 
Figure 4.18. Open-loop speed estimator performance for fixed voltage and fixed frequency 
supply in field strengthening mode at (a) 375 rpm (b) 150 rpm (c) 30 rpm. 
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Figure 4.19. Open-loop speed estimator performance for vector control in field strengthening 
mode at (a) ±400 rpm (b) ±100 rpm (c) ±50 rpm. 
4.7.2 Parameter sensitivity and effect of line faults 
As to ensure a fair comparison on the estimators' performance, the parameters 
of a 5-phase, 4-poles squirrel cage type induction motor have been used as given in 
Appendix A. Knowledge of motor's parameter is important for the simulafion since the 
estimators are highly parameters dependent and hence, they are exposed to inaccuracy in 
estimation as the parameters vary. The performance of the estimators can be evaluated 
based on three criteria of comparison which are the tracking capability, parameter 
sensitivity and line faults. 
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4.7.2.1 Tracking capability 
Tracking capability is one of the icey criteria of the comparison. The performance 
of an estimator is evaluated in terms of convergence of the estimated rotor speed to the 
actual speed. An estimator is said to have good tracking capability if the estimated value 
can track the actual value at high and even at close to zero speed. Using the same 
parameters in the IM and the open-loop estimator, the tracking performance of the estimator 
can be examined by changing the motor parameters {R^,R^,L^,L^,J). 
4.7.2.2 Parameter sensitivity 
It is understood that the estimator's performance are highly dependent on the IM 
parameters since its structure realization is directly extracted from the IM dynamic 
equations. The IM parameters are affected by variations in the temperature and the 
saturations levels of the machine. Incorrect setting of parameters in the motor and that 
instrumented in the vector controller and estimators will results in the deterioration of 
performance in terms of steady state error and transient oscillations of rotor flux and 
torque. As a consequence, parameter sensitivity has been treated as a secondary issue in a 
vector controlled IM drives system. 
Some of the parameters detuning effect being studied are the stator resistance R^, 
rotor resistance R^, stator self-inductance Z,, rotor self-inductance L^ and motor moment 
of inertia y . Amongst these parameters, stator resistance R^ variation has been observed 
to have large influence on the estimator's performance. Others parameters have minimum 
effects but as the variations becomes larger, the effect to the estimator's performance also 
becomes significant. 
The open-loop estimator-4 has been selected for the performance analysis because this 
estimator shows the best results. 
(A) Effect of variation of rotor resistance, R^: 
The rotor resistance(7?,) is one of the variables that exist explicitly in the equations 
used to construct the structure of the estimators. Variation in the R^ will directly vary the 
rotor time constant value 7).. Incorrect value of T^ affects the accuracy of estimation, leading 
to variation in the rotor speed response. In this part, some simulations with different values of 
R, have been carried out to examine the effect of the parameter variation to the estimator 
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performance. The R^ value in the motor is changed to 10% and 50% from its nominal value 
and the simulation results are shown. The following effects are observed: 
As the value of R^ is increased to 10% and 50% from its nominal value, the estimator's 
smooth response at rated value tend to deviate slightly from the normal response. When the 
value of R^ is increased to 100% from its nominal value, the deviation of the estimated speed 
to the actual speed becomes significant especially during transient period (at starting). The 
large disturbances are observed for increased value of R^. The rotor time constant value T^ 
becomes relatively smaller as the value of the R^ is increased from its nominal value and 
inaccurate value in the estimated rotor flux linkages at lower speed. The variation in the R^ 
values also affects the tracking performance as depicted in Fig. 4.20-4.21. The deviation is 
significant for large changes of R^. | 
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Figure 4.20. Effect of incorrect setting of R^ value to estimator's response for 
(a) Normal i?, (b) i?_, = 1.1 i?. (c) 7?_ = 1.5i?,. 
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Figure 4.21. Effect of incorrect setting of R^ value to open-loop estimator's response in 
presence of a vector controller (a) Normal R^ (b) /?^ ,,^ „ =1.1 R^ (c) /?^ „^ „ =1.5 R^ 
Speed response for the variation of rotor resistance, 7?^  (by 10% and 50% ) from its 
rated value is shown in Fig.4.21, keeping the parameters of the estimator unchanged. When 
the rotor resistance, ^ ^ is increased by 10% then ripples increases to about I500rpm, with the 
decrease in the tracking capability in the transient period. However, it increases to about 
3500rpm with the further increase of rotor resistance, ^ ^ by 50%. In this condition, the 
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tracking capability is decreased in the transient as well as in loaded condition. It should be 
noted that, with the change in the value of R^, there is the increase in ripples content only in 
the transient period, along with the decrease in the tracking capability, especially in transient 
as well as in loaded period. 
(B) Effect of variation of stator resistance, R^: 
Other parameter that exists in the equations related to model based speed estimators is 
the R^. It has been widely reported that this parameter can cause severe effect to the 
estimators' response during low speed operation. 
It is clear from the simulation diagrams that even small variations of /?, adversely 
affect the speed response of the estimator. A comparative analysis using the different 
estimators is shown by the simulation results as shown in figures. Usually the effect of R^ 
variation is associated with the term/?^ —^ which becomes relatively larger as the frequency 
dt 
decreases. The frequency will decrease at low speed and thus varying the stator voltages and 
currents. Therefore, small changes in R^ value will severely affect the estimated speed. 
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Figure 4.22. Effect of incorrect setting of R^ value to estimator's speed response 
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Figure 4.23. Effect of incorrect setting of R^ value to open-loop estimator's response in 
presence ofa vector controller (a) Normal R^ (b) R^^^^ =\.\ R^ (c) i?,„^ „ =1.5 R^ 
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Fig. 4.22 and Fig. 4.23 are showing the change in speed response of estimator with the 
variation of stator resistance,/?, (by 10% and 50%) from its rated value in motor. When there 
is the change of 10% '\nR^, ripple increases in the entire operating region, having the 
maximum value of about 2000rpm in the transient period. However the tracking capability is 
not affected. When R^ is increased by 50%, ripple content further increases, having the 
maximum value of about 1.5 xlO'*rpm. Tracking capability is affected mainly during the 
transient period. 
It should be noted as the value of stator resistance, R^ increases, there is a tremendous 
increases of ripples in the entire operating region, showing that the estimator depends strongly 
on R^. Change in R^ also effects the tracking capability, both in transient and steady-state 
periods. Motor behavior also deviates from its normal operation. 
(C) Effect of variation of rotor inductance, L^: 
Another parameter that can vary is 4 . Variation in the L^ will directly vary the rotor 
time constant value, Tr. Incorrect value of T^ affects the accuracy of estimation, leading to 
variation in the rotor speed response. 
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Figure 4.25. Effect of incorrect setting of 4 value to open-loop estimator's speed response in 
presence of a vector controller (a) 4,1,, ^ 0.9 4 (b) Normal 4 (c) 4/,^ ,, " 1.1 4 
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In this part, Simulations with different values of L^ have been carried out to examine 
the effect of the parameter variation to the estimator performance without using a vector 
controller and in presence of a vector controller. The L^ value in the motor is changed to 
0.9 Z ,^ 1.1 Z-^  and 1.5/,^ , and the simulation results are shown. The following affects are 
observed: j 
As the value of the L^ increases the estimator performance deteriorates in terms of 
tracking capability. The settling time also varies with the variation in L^. Large disturbances 
are observed for lager values of L^ .The rotor time constant value 7) becomes relatively 
larger as the value of the L^ is increased from its rated value and inaccurate value in the 
estimated rotor flux linkages at lower speed. 
(D) Effect of variation of stator inductance, 4 '-
In this part, some simulations with different values of I, have been carried out to 
examine the effect of the parameter variation to the estimator performance in absence of the 
vector controller and in presence of the vector controller. The L, value in the motor is 
changed to 0.91^ and 1.1 Z.,, and the simulation results are shown. The following affects are 
observed: i 
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Figure 4.26. Effect of incorrect setting of L^ value to open-loop estimator's response 
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Figure 4.27. Effect of incorrect setting of L^ value to open-loop estimator's response in 
presence of a vector controller (a) !,„<,„ = 0.9 L^ (b) Normal Z, (c) !,„,„= 1.1 Z,. 
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As the value of the Z, changes the estimator performance deteriorates in terms of 
tracking capability and ripples during the transient period. Large disturbances are observed 
especially during transient period for larger values of L^. 
(E) Effectof incorrect moment of inertia, J setting: 
It is always crucial not to underestimate the motor parameters variation on the 
estimation process because small changes from its rated value might severely affect the 
accuracy of estimation. This includes the motor moment of inertia parameter, J . Though it do 
not exist in the IM dynamic equations extracted for speed estimators, however the implication 
of J variation should not be neglected. The only relation involved with this parameter is 
equation (4.40) 
•^-t^ -- (4.40) 
which proportionately relates J with the torque produced. Therefore, any changes in J 
will vary the torque values. For that reason, the effect of variation in J has been studied and 
the following results explained the behaviour of open-loop estimators prior to these changes. 
The tracking performance of the estimators is unaffected with changes in J values. The 
performance of the open-loop estimator has been examined with value of J in the IM is set to 
O.^J and 1.27 respectively from its rated value and the values instrumented in the estimators 
is kept unchanged. The open-loop estimator response has undergone a shift in the rising and 
falling time due to changes in the torque response. It is observed that as the change in the J 
values is increased from 0.8 J to 1.2 J , the time for the estimators to reach steady state also 
has increased. The longer time taken for rising and falling of the response is influenced by the 
torque response also. 
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Figure 4.28. Effect of incorrect setting of J value to Open Loop Estimator's speed response 
for a fixed voltage and fixed frequency supply (a) J„^ „ = 0.8 J (b)Normal ./ (c) J ,^  = 1.2 J . 
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Figure 4.29. Effect of incorrect setting of J value to open-loop estimator's speed response in 
presence of a vector controller (a) J„^ „ =0.8 J (b) Norma] J (c) J„^ „ =1.2 J. 
(F) Effect of line faults (single phasing) on the estimator's performance: 
The effect of line fault (single phasing) on the estimator's performance is 
illustrated in this section obtained from the simulation results. This is the first time in 
the literature that the author has investigated the performance of the speed estimators 
during the fault conditions. Till now no author has observed the performance of any 
speed estimator during any type of fault in the supply line. The single phasing fault may 
occur in any of the phase of induction motor. Also the fault may occur during any of 
the operating region of the motor - transient, steady state, or loaded condition. The 
open-loop speed estimator is investigated here when one of the incoming phases comes 
in direct contact with the ground. Three cases are studied for speed estimator namely 
when single phasing occurs during (a) Transient (starting) period (b) Steady state no-
load period (c) Steady state loading period. A comparative study is made in terms of 
tracking capability and production of ripples. 
From the simulation results when the single phasing occurs during any of the 
operating region, the estimators speed response almost follows the actual speed 
response of the motor showing a good tracking capability. Large ripples are found only 
in case of open-loop scheme. Very small ripples are found in other cases. However the 
motor operation deviates from its normal operation during this condition. 
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Figure 4.30. Effect of single phasing on open-loop speed estimator during (a) transient 
(starting) period (b) steady-state no-load period (c) steady-state loading period. 
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4.8 Summary 
It is well acknowledged that so many efforts have been put in the past to extract speed 
or position signal of an induction motor. The speed information which is important for control 
purposes could be extracted using sensor. However, the presence of sensor itself has reduced 
the drive reliability as well as increased the drive's size. This situation has put the induction 
motor drive at disadvantage when talking about its good dynamic response and performance 
for variable speed control. Its predecessor, the dc machine is always a good choice but with 
the development of several new methods to extract the speed or position signal, it has put the 
induction motor drive as a better choice for variable speed control. This technique is called 
"speed sensorless technique", which refers to the elimination of the shaft sensor used to 
obtain the speed information. 
For the past 20 years, the researchers have developed many strategies for speed 
sensorless estimation. All the techniques differ from one to another but they complement to 
each other in terms of objectives and performances. The strategies range from open loop to 
closed loop structure and hence indicate the later has better jjerformance. Although the list of 
speed sensorless estimation sfrategies is bulky in literature, some problem associated with low 
speed performance and parameters mismatch still need carefiil attention by the researchers. 
Nevertheless the invention of speed sensorless estimation strategies has greatly increased the 
popularity and performance of the induction motor drives. 
The open-loop speed estimation methods, reviewed in this chapter, are simple to 
implement. However, it should be noted once more that the accuracy of open-loop speed 
estimators depends greatly on the accuracy of the machine parameters used. In general, at low 
speed the accuracy of open-loop speed estimators is reduced. Furthermore, the integration 
problem makes application of these schemes at zero and very low speed impossible. 
The performance of speed estimator is judged by parameter {R^,R^,L^,L^xindJ) 
variation and fault analysis (single phasing) in terms of tracking capability. It found that under 
parameter variation and fauh condition the estimator behavior is satisfactorily. 
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CHAPTER 5 
MRAS-BASED SENSORLESS CONTROL OF A FIVE-
PHASE INDUCTION MOTOR DRIVE 
5.1 Introduction 
In chapter-4 open-loop speed estimation methods have been elaborated. The discussed 
methods have utilized the stator and rotor voJtage equations of the induction machine. 
However, the accuracy of these open-loop schemes depends strongly on the machine 
parameters. In closed-loop speed estimators the accuracy of estimation can be improved. This 
is achieved by introducing certain corrective action, based on an error between two 
conveniently chosen quantities, within the speed estimator. 
There are three basic types of closed-loop machine model based speed estimators. The 
first one is the model reference adaptive control (MRAC) based speed estimator. The second 
one is the speed estimator based on an observer. The third type of speed estimation relies on 
extended Kalman filter (EKF) technique. MRAC based speed estimation is the simplest 
approach and is analyzed in detail in this chapter. 
The measured signals that are used in MRAC based speed estimators (and in all other 
model based approaches) are stator phase voltages and currents. Alternatively, stator voltages 
are reconstructed from measured DC link voltage and inverter switching functions. The model 
reference approach makes use of two independent machine models of different structure to 
estimate the same state variable on the basis of different sets of inputs variables. The 
estimator that does not involve the quantity to be estimated (in this case, the rotor speed) is 
considered as a reference model. The other estimator, which involves the estimated quantity, 
is regarded as an adjustable (adaptive) model. The error between the outputs of the two 
estimators is used to drive a suitable adaptive mechanism that generates the estimated rotor 
speed for the adjustable model. When the estimated rotor speed in the adjustable model 
attains the correct value, the difference between the output of the reference model and the 
output of the adjustable model becomes zero. The estimated rotor speed is then equal to the 
actual rotor speed, under ideal conditions. The idea of a MRAC based speed estimator is 
illustrated in Fig. 5.1. 
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Figure 5.1. Basic block diagram of MRAC estimator. 
The outputs of the reference and the adjustable model in Fig. 5.1 are denoted with 
X^'aruJOC''zcs\di they depend on which quantity is used for speed estimation. A block 
diagram for speed estimation by the MRAS technique is shown in Fig. 5.2. The voltage 
model's stator-side equations are defined as a reference model in Fig. 5.2. The model receives 
the machine stator voltage and current signals and calculates the rotor flux vector signals, as 
indicated. The current model flux equations are defined as an adaptive model in Fig. 5.2. This 
model can calculate fluxes from the input stator currents only if the speed signal o, (shown in 
the coefficient matrix) is known. With the correct speed signal, ideally, the fluxes calculated 
fi-om the reference model and those calculated fi-om the adaptive model will match, that is 
^dr = H'^dr^^V'qr = V^'qr • ^ adaptation algorithm with PI controller, as shown, can be used to 
tune the speed so that the error ^ = 0. 
From the model of five-phase induction motor, reviewed in chapter 3, it can be 
concluded that x, y and zero components of fluxes are due to stator and/or rotor leakage 
inductance and mutual inductances of x, y and zero components of fluxes are absent. Also x, 
y and zero components of rotor voltages does not consist the speed term; therefore, adaptive 
model is not possible for MRAS-based speed estimation. 
-i=Pt ///// 
Reference Model 
V* L-L/r^'*l_[<''-+'*''^> " T''*1V 
Adaptive Model 
Esbmatod Sp»«d 
X 
X 
-^f 
Adaptive Algorithm 
Figure 5.2. Speed estimation by model referencing adaptive control (MRAC) principle. 
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Therefore, multi-phase machines speed estimator requires only d and q components of 
stator voltages and currents. From the model of a five-phase induction machine, it has been 
shown that the stator and rotor d and q axis flux linkages are fimction of magnetising 
inductance L^ and stator and rotor d and q axis currents, where as the x and y axis flux 
linkages are function of only their respective currents. Therefore in speed estimation for 
multi-phase machine the x and y components of voltages and currents are not required. The 
speed can be estimated using only rf and q components of stator voltages and currents. 
The proposed MRAS-based five-phase vector controlled induction motor drive 
structure with current control in the stationary reference frame is shown in Fig. 5.3. 
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Figure 5.3. MRAS-based five-phase induction motor drive structure with current control in 
the stationary reference fi-ame. 
5.2 Model Reference Adaptive Systems (MRAS) 
The most frequently used scheme has rotor flux space vectors at the output of the 
reference and the adjustable model. However, other solutions are possible as well. 
Four rotor speed observers using the Model Reference Adaptive System (MRAS) are 
described in this chapter. The outputs of the two models may be as follows: 
i. Rotor flux space vectors 
ii. Back e.m.f. 
iii. Reactive power 
iv. Artificial Intelligence assisted 
The appropriate adaptation mechanism can be derived by using Popov's criterion of 
hyperstability. This results in a stable and quick response system, where the differences 
between the state-variables of the reference model and adaptive model are manipulated into a 
speed tuning signal, which is then an input into a Pl-type of controller, which outputs the 
estimated rotor speed. Artificial Intelligence assisted MRAS speed estimators do not contain 
any mathematical adaptive model, and the adaptation mechanism is incorporated into the 
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tuning of the appropriate artificial Intelligence based network (which can be a neural network, 
a fuzzy-neural network, a wavelet network, etc.). 
In general, a model reference adaptive speed estimator system can be represented by 
an equivalent non-linear feedback system which comprises a feed forward time-invariant 
linear subsystem and a feedback-non-linear time-varying subsystem. This is shown in Fig. 
5.4. 
U = -W 
Linear time-invariant feedforward 
subsystem 
Non-linear time-variant feedback 
subsysten 
Figure 5.4. Equivalent non-linear feedback system. 
In Fig. 5.4 the input to the linear time-variant system is u (which contains the stater 
voltages and currents), its output is v, which is the speed tuning signal (generalized 
error), v = [Sj^s^f. The output of the non-linear time-variant system isw, and u = -w. The 
rotor speed estimation algorithm (adaptation mechanism) is chosen according to Popov's 
hyperstability theory, where by the transfer function matrix of the linear time-invariant 
subsystem must be strictly positive real and the non-linear time-varying feedback subsystem 
satisfies Popov's integral inequality, according to which Wwdt>Q in the time interval 
[0,/,] for all /, > 0. Thus to obtain the adaptation mechanism, first the transfer function F{s) 
of the linear time-invariant feed forward subsystem has to be obtained. It can be shown by 
calculations that in all the schemes described below this are strictly positive real. 
A possible proof uses the state-variable form of the error equation,rfv/d'/ = ^v-M', 
which is obtained by subtracting the state-variable equations of the adjustable model from the 
state-variable equations of the reference model. The equations of the adjustable model (rotor 
model) are the rotor voltage equations in the stationary reference frame, which can be 
obtained from eqn. (3.28) by eliminating the rotor-current space vector. Thus 
¥, H 1 . U.. L„T 1 , (5.1) 
is obtained, which is then resolved into its two-axis components. The reference model (stator 
model) equations are the two-axis stator voltage equations in the stationary reference frame, 
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which have been defined by eqns (5.4) and (5.5), and the space-vector form of this is 
-• L 
^:=-r[ps-Rsl)dt-m (5.2) 
In the resulting state-variable form of the error equations, the state matrix is A, where 
-1/7; - « , 
o>, -\IT A^ (5.3) 
The feedforward path transfer matrix of the linear time-invariant subsystem shown in Fig.5.3 
is F{s) = [si - A]'^ where I is an identity matrix. It follows from the derivation of the error 
state equation that w = [a^ -^r]['~^g ^df (where Xj and x^  are the states estimated by the 
adaptive model), thus when w is substituted into Popov's integral inequality, Jv^ wdir > 0, it 
can be shown that this inequality can be satisfied by lettering d)^ = (Kp +K,/ p)e. In general, 
the state variables in the reference and adaptive models are jc_^ , ;t^  and x^, x^ respectively, 
and when these are the rotor flux linkages i//j^, i//^^ ij/j^, ipr^^ then the speed timing signal is 
Im(V (^^ r*) • This signal is used in first scheme discussed below, thus e^ = ImiJJ/lxi/') .In the 
second scheme to be discussed it has a similar form,£-^  =Im(ee*) etc. It can be seen that 
when a specific state variable is used (on the outputs of the reference and adaptive models), 
then a corresponding speed timing signal of a specific form is obtained by using Popov's 
integral inequality. It has been discussed above that when the rotor speed to be estimated is 
changed in the adaptive model in such a way that the difference between the output of the 
reference model and the adaptive model is zero, then the estimated rotor speed is equal to the 
actual rotor speed. The error signal actuates the rotor-speed identification algorithm, which 
makes this error converge asymptotically to zero. The physical reason for the integrator (in the 
PI controller) is that this ensures that the error converges asymptotically to zero. 
In general speed error for different technique are represented as: 
£^=^Wr^r] yvhere.ij/l =y/^ +7>^, 
s = {e,=lm\^^'] where..e=ej+je^ =y^V^d, +j-f-y^,r (5-4) 
s^ = Im(Ae//) v/here.Ae = e-e =(6^-6^) + j{e^ -e^) 
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5.2.1 Rotor flux-linkage based tuning signal {s^ = Im(v/,V^ r*)) 
As already noted, MRAC based speed estimation method makes use of two 
independent models which are constructed to estimate the same quantity, using measured 
stator voltages and currents. The two models can be obtained from the induction machine 
model equations. One of them does not involve the quantity that is to be estimated (in this 
case rotor speed) and is regarded as the reference model of the speed estimator. The second 
one does involve the quantity that is to be estimated, and it is regarded as the adjustable model 
within the speed estimator. The error between the outputs of the reference model and the 
adjustable model is then used as an input into a suitable adaptation mechanism, that turns out 
to be a simple PI controller. The estimated rotor speed is obtained as the output of the PI 
controller. Rotor flux based MRAC method was proposed in 1992. In this scheme the outputs 
of the reference and the adjustable models are two estimates of the rotor flux space vector, are 
obtained from the machine model in the stationary reference frame. 
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Figure 5.5. Schematic block diagram of MRAC estimator. 
In this scheme the outputs of the reference and the adjustable models denoted in Fig. 
5.5 by T/'^and 4'/^'are two estimates of the rotor flux space vector, that are obtained from 
the machine model in the stationary reference frame. By letting fi>„ = 0 the following two 
space vector equations are: 
d\i/ 
-' '-' dt 
0 = Rrir+-
di//^ 
(5.5) 
dt 
-j&tf/^ 
Elimination of the stator flux vector and rotor current vector enables rotor flux vector to be 
expressed in the form of: 
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— r 
dt 
dt 
Ys-Rs 
+ ICO 
' dt 
r 
(5.6) 
The first equation of (5.5) can be used to calculate rotor flux space vector on the basis of 
the measured stator vohages and currents. The equation is independent of rotor speed and it 
therefore represents the reference model of Fig. 5.5. On the other hand, calculation of rotor 
flux from the second equation of (5.5) requires stator currents only and is dependent on the 
rotor speed. Hence the second equation of (5.5) represents the adjustable model of Fig. 5.5. 
By resolving equations (5.5) into two-axis components, the rotor flux components in the 
stationary reference frame are obtained as: 
'{R,+GL^P) 0 
0 {R,+oL,p) L_ 
-\IT^ -co 
CO -\IT^ 
,1 
¥pr 
+ -
(5.7) 
where a-\-{L\„lL^L^) and /> = — 
dt 
I 
The angular difference between the two rotor flux space vector positions is used as the 
speed tuning signal (error signal). The speed tuning signal actuates the rotor speed estimation 
algorithm, which makes the error signal converge to zero. The adaptation mechanism o" 
MRAS based speed estimation method is a simple PI controller algorithm. The outputs of th( 
two models thus only represent the rotor flux space vector in angle, but not in amplitude. 
CO = K s + K,lsdt 
where the input of the PI controller is 
^ = <V i^^ ' vy^l' 
(5.8) 
(5.9) 
and Kp and K, are arbitrary positive constants (parameters of the PI controller)and e is erroi 
signal. The simulink diagram of MRAC based speed estimator using rotor flux linkage for thf 
speed tuning signal is shown in Fig. 5.5. It can be seen that this requires several machine 
parameters, some of which vary with temperature, skin effect, and saturation. Thus speed car 
only be obtained accurately if these parameters are accurately known. At low speeds the 
accuracy of this estimator is limited. Fig. 5.8 shows the five-phase induction motor speed 
characteristics for fixed voltage and fixed frequency supply and using vector controlled 
technique. The MRAC based speed estimator using rotor flux linkage as a speed tuning signal 
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gives satisfactory results in the transient period as well as in the steady-state period as shown 
in Fig. 5.8 (a) and Fig. 5.8(b). 
Figure 5.6. Simulink diagram of MRAC based speed estimator using rotor flux linkage as a 
speed tuning signal. 
In practice, it is very difficult to implement the pure integrator in the reference model 
due to the problems of initial conditions and drift. In order to eliminate the pure integrator, it 
is possible to implement the reference model by using a low-pass filter, with the transfer 
function l/(p+\fT), instead of the pure integrator. However, since l/(p+l/T) = 
{l/p)lp/(p+in)], the pure integrator can be eliminated by inserting a high pass filter 
[p/(p+l/T)] in the output side of the reference model (which contains \/p). Since the output of 
the reference model gives the modified rotor flux, the adjustable model needs to be modified 
as well. Therefore, the identical high pass filter [p/(p+\n)] is placed in the output channel of 
the adjustable model as well. 
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Figure 5.7. Five-phase induction motor speed characteristics of rotor flux linkage based 
tuning signal for (a) fixed voltage and fixed frequency supply (b) using vector control 
technique. 
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For simulation purposes, the induction machine is represented with its phase domain 
model (3.7)-(3.16) rather than with the d-q model given with (3.20)-(3.25). Such an approach 
enables an ultimate proof of the decoupled flux and torque control, since the d-q model is not 
utilised. Per-phase equivalent circuit parameters of the 50 Hz five-phase induction machine, 
used in the work, areR^ =9.50, R,=6.0n, L,^=L,,=0.04H, L„=0.41H. Inertia and the 
number of pole pairs are equal to 0.025 kgm^ and 2, respectively. Rated phase current, phase-
to-neutral voltage and per-phase torque are 2.0 A, 220 V and 1.6 Nm, respectively. Rated 
(rms) rotor flux is 0.57 Wb. Hysteresis band is set to ±2.5% of the rated peak phase current 
(i.e. ± 0.07425 A). Torque limit is at all times equal to twice the rated motor torque (i.e. 16.0 
Nm). Dc link voltage equals 593.1 V (= V2x420 V) and provides approximately 10% voltage 
reserve at rated fi-equency. The drive is operated in speed mode with speed feedback is taken 
fi-om the MRAS speed estimator. 
Rotor flux reference (i.e. stator d-axis current reference) is ramped fi-om / = 0 to / = 
0.01 s to twice the rated value. In order to obtain a forced excitation, it is kept at twice the 
rated value fi"om / = 0.01 to / = 0.05 seconds. Next, it is reduced fi"om twice rated value to the 
rated value in a linear fashion fi-om t = 0.05 to / = 0.06 s and it is kept constant for the rest of 
the simulation period. Speed command of 1500 rpm is applied at /=0.3 s in a ramp wise 
manner fi-om / = 0.3 to / = 0.35 s and is fiirther kept unchanged. Operation takes place under 
no-load conditions. 
Fig. 5.8 displays the results for reference and actual rotor flux, reference and actual 
torque, speed, stator phase 'a' reference and actual current and stator phase 'a' phase-to-
neutral voltage are shown. After the initial transient rotor flux settles to the reference value 
and there is a change of flux of 0.03 Wb due to loss of decoupled control or parameter 
variation effect or lack of proper tuning. It can be seen from Fig. 5.8 that the flux and torque 
control are fiilly decoupled. Acceleration takes place with the maximum allowed value of the 
motor torque. Actual motor phase current tracks the reference very well. Consequently, torque 
response closely follows torque reference and a small deviation appears only at the middle 
and end of the transient. 
Disturbance rejection properties of the drive are investigated next. Previous steady 
state is the one of Fig. 5.8 (no-load operation at 1500 rpm) and a load torque equal to the 
motor rated torque is applied in a step-wise manner at / = 1 s. Responses are shown in Fig. 5.9 
(rotor flux, remaining unchanged, is not illustrated). Application of the load torque causes an 
inevitable dip in speed, of the order of 20 rpm in this case. Motor torque quickly follows the 
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torque reference and enables rapid compensation of the speed dip (in less than 100 ms).The 
maximum ripples in the speed during this period is 5 rpm. The motor torque settles at the 
value equal to the load torque after around 100 ms and the motor current becomes rated at the 
end of the transient. The maximum ripples in the torque during this period are 0.6 N-m. 
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Figure 5.8. Indirect RFOC of a five-phase induction machine: excitation and acceleration 
transient. 
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(a) 
(c) (d) 
Figure 5.9. Indirect RPOC of a five-phase induction machine: disturbance rejection 
behaviour. I 
Finally, reversing transient is examined as well. Previous steady state is the one of Fig. 
5.9 (rated load torque operation at 1500 rpm) and the command for speed reversal is given at t 
= 1.2 s. Responses, obtained for this transient, are shown in Fig. 5.10. Once more, actual 
torque closely follows the reference, leading to the speed reversal, with torque in the limit, in 
the shortest possible time interval (approximately 350 ms). The maximum ripples in the 
torque during this period are 1 N-m. 
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Figure 5.10. Indirect RFOC of a five-phase induction machine: reversing transient. 
5.2.2 Back e.m.f. based tuning signal (f, = Im(ee*)) 
It is also possible to construct other MRAS schemes which, instead of using the rotor 
flux-linlcage estimates in the speed tuning signal, use the back e.m.f.s or some other 
quantities. When the back e.m.f.s are used, then the problems associated with the pure 
integrators in the reference model disappear. The equations for the direct- and quadrature-
axis back e.m.f.s can be obtained for eqn (5.6) and are as follows: 
dids 
(5.10) 
"''Z 
L, dt 
dt 
dt 
di 
qs sgs . ^ ^ 
qs 
In equation (5.10), the components of back e.m.f s does not contains the integrator. 
Similarly, the back e.m.f s equations for adaptive model can be obtained from eqn 
(5.6) and are as follows: 
e^ = 
'^ = L 
Ln, dt i„ T; 
Z , dWqr ^ Lr ^K^s ' "^qr ' ^^rTr'Pdr) 
dt ~ L^ r 
(5.11) 
The speed tuning signal is s^ = e^e^ - e^e^, which is proportional to the angular difference 
between the back e.m.f vectors of the reference and adaptive models respectively. This 
tuning signal is given as input to the Pi controller. The out put of the controller is corresponds 
to the speed of the induction motor. The expression for estimated speed is as follow: 
co''"=K^s^+K,U^dt 
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Figure 5.11. Simulink diagram of MRAC based speed estimator using back emfas a speed 
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Figure 5.12. Five-phase induction motor speed characteristics of back emf based tuning 
signal for (a) fixed voltage and fixed frequency supply (b) using vector control technique. 
A possible simulink implementation is shown in Fig. 5.11. It can be seen that this 
requires several machine parameters, some of which vary with temperature, skin effect, and 
saturation. Thus speed can only be obtained accurately if these parameters are accurately 
known. At low speeds the accuracy of this estimator is limited. Fig. 5.12 shows the five-phase 
induction motor speed characteristics for fixed voltage and fixed frequency supply and using 
vector controlled technique. The MRAC based speed estimator using back emf as a speed 
tuning signal produces very small ripples in the transient period and less ripples in the steady-
state period as shown in Fig. 5.12 (a) and Fig. 5.12(b). The production of ripples is due to the 
presence of integrators and differentiators. Fig. 5.12(b) shows that when reversal takes place 
near zero speed, large ripples are produced. 
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5.2.3 Reactive power based tuning signal {e^^ = Ini(Ae//)) 
The stator resistance varies with temperature, and this effects the stability and 
performance of the speed observer, especially at low speeds. A MRAS scheme which is 
insensitive to stator resistance variation can be obtained by using such a speed signal, which is 
obtained from a quantity which does not contain the stator resistance, is discussed in this 
section. If x and x are the outputs of reference and adaptive models resjiectively, then these 
are expressed as follows: 
^ = i .x^ = / X v . - 4 ^ ) (5.12) 
and 
X = is >'i = -r-i—<V,xis+<»r(is''jVr^) ( 5 J 3 ) 
The components forms of the eqns (5.12) and (5.13) yield 
x = isXe = v^,i^-v^i^,-L,(i^^-i^,^) (5.14) 
and 
X = is>^e = -f-(— {if/origs - y^grids ) + ^^ r (V^d^'* " Wqriqs ) ) (5-15) 
The eqns (5.14) and (5.15) can then be used in a final implementation of the rotor speed 
observer. When this observer is used in a vector controlled drive, it is possible to obtain 
satisfactory performance even at very low speeds. The observer can track the actual speed 
with a bandwidth that is only limited by noise, so the PI gains should be as large as possible. 
However, the accuracy of the speed estimation depends on the transient stator inductance L\ 
and also on the referred magnetizing inductance!^/Z,. The latter quantity is not too 
problematic, since it does not change with the temperature. Special care must be taken for the 
design of this scheme for application where there are negative step changes in the torque 
producing stator current, otherwise it is difficult to keep the speed stable. The simulink 
diagram of MRAC based speed estimator using reactive power for the speed tuning signal is 
shown in Fig. 5.13. 
Simulation is performed using Matlab/Simulink to implement this scheme and the 
resulting waveforms of speed for fixed voltage and fixed frequency supply and vector 
confrolled supply are shown in Fig. 5.14. At low speeds the accuracy of this estimator is 
limited. The MRAC based speed estimator using reactive power as a speed tuning signal 
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produces small ripples in the transient period as well as in the steady-state period as shown in 
Fig. 5.14(a) and Fig. 5.14(b). The production of ripples is due to the presence of integrators 
and differentiators. The results of MRAC based speed estimator using reactive power as a 
speed tuning signal is much better than the MRAC based speed estimator using back e.m.f as 
a speed tuning signal. This speed estimator is based on reactive power estimation technique, 
and shows best characteristics, and so selected for experimentation to verify the findings. The 
experimental results are presented in chapter 9 of the thesis. 
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Figure 5.13. Simulink diagram of MRAC based speed estimator using reactive power as a 
speed tuning signal. I 
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Figure 5.14. Five-phase induction motor speed characteristics of reactive power based tuning 
for (a) fixed voltage and fixed frequency supply and (b) vector control technique. 
5.2.4 Artificial Intelligence assisted MRAS 
All MRAS-based techniques explain above contains a reference model and an 
adaptive model. The input to the adaptive model is the estimated rotor speed, which was 
output of an adaptation mechanism, which uses input as the difference of the two models. In 
all the techniques, the adaptation mechanism is based on using Popov's hyperstability 
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criterion. All techniques required the use of a mathematical model for the adaptive model. 
However, greater accuracy and robustness can be achieved if this mathematical model is 
replaced by an artificial-intelligence based non-linear adaptive model. It is then also possible 
to eliminate the need for the separate PI controller, since this can be integrated into the tuning 
mechanism of the artificial-intelligence based model. The detail analysis of artificial-
intelligence based sensorless control is done in next chapter. The schematic block diagram of 
ANN assisted speed estimator using BPN as a speed tuning signal is shown in Fig. 5.15 and 
Fig. 5.16 shows the ANN structure used as a current model in ANN-MRAS based speed 
estimation technique. 
Simulation is performed using Matlab/Simulink to implement this scheme and the 
resulting waveforms of speed for fixed voltage and fixed frequency supply and vector 
controlled supply are shown in Fig. 5.17. 
Figure 5.15. Schematic block diagram of BPN-MRAC estimator. 
Figure 5.16. ANN representation of estimated rotor flux linkages. 
The inputs to the reference model are the monitored stator voltages and currents of the 
induction machine. The outputs of the reference model are the rotor flux-linkage components 
in the stationary reference frame {y/or^y^qr)- These are obtained by considering the following 
equations: 
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^ * = | ^ [ j ( ^ ^ - ^ A M ^ - 4 ' ' < . ] (5.16) 
^or =j\\^y,s-Rsi,s)dt-Wi^] (5.17) 
tfl 
These two equations do not contain the rotor speed and describe the reference model. 
However, when the rotor voltage equations of the induction machine are expressed in the 
stationary reference frame, they contain the rotor flux linkages and the rotor speed as well. 
These are the equations of the adaptive model and are given as: 
y>dr=y [\iLJ<is -¥^-o>X¥,r)dt\ (5.18) 
r 
• ' r 
In these equations y/^ and xj/^^ are the rotor flux linkages estimated by the adaptive 
model. Equations (5.18) and (5.19) contain the rotor speed, which in general is changing, and 
it is our purpose to estimate this speed by using an ANN. For this purpose, Equations (5.18) 
and (5.19) can be implemented by a two-layer ANN which contains variable weights, and the 
variable weights are proportional to the rotor speed. 
Thus in Fig. 5.14 the weight adjustments can be obtained from 
^2 (*) = Wz ('t -1) + Awj (it) (5.20) 
For rapid learning, the learning rate (t^ ) has to be selected to be large, but this can lead 
to oscillations in the outputs of the ANN. However, to overcome this difficulty, a so-called 
momentum term is added to equation (5.20). Which takes into account the past [(k-1)*] weight 
changes on the present [k*] weight This ensures accelerated convergence of the algorithm. 
Thus the current weight adjustment AH'2(A:) described by equation (5.20) is supplemented by 
a fraction of the most recent weight adjustment, bw^ (^ -1): 
^2 (*) = H-j (it -1) + Aw^  (it) + aAw2 (it -1) (5.21) 
Where a is a positive constant called the momentum. The term aAw^ik-X) is called 
the momentum term, and is a scaled value of the most recent weight adjustment. Usually, a is 
in the range between 0.1 and 0.8. The inclusion of the momentum term into the weight 
adjustment mechanism can significantly increase the convergence, which is extremely useful 
when the ANN shown in Fig. 5.14 is used to estimate in real-time the speed of the induction 
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machine. Since it follows from equation w^  = 0)^^,, that the weight W2 is proportional to the 
speed, finally the estimated rotor speed can be obtained from 
CO. _^2 (5.22) 
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Figure 5.17. Five-phase induction motor speed characteristics of ANN assisted for (a) fixed 
voltage and fixed frequency supply and (b) vector control technique. 
Fig. 5.17 shows the five-phase induction motor speed characteristics for fixed voltage 
and fixed frequency supply and using vector controlled technique. The ANN based speed 
estimator produces almost no ripples in the transient period as well as in the steady-state 
period as shown in Fig. 5.17(a) and Fig. 5.17(b). This speed estimator is much better than the 
speed estimators which discussed earlier. 
5.3 Performance analysis of an MRAS estimator 
For the performance analysis of a MRAS-based sensorless control of a five-phase 
induction motor drive, rotor flux based tuning signal MRAS speed estimator is selected. 
5.3.1 Effect of variation of rotor resistance, R^: 
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Figure.5.18. Effect of incorrect setfing of R^ value to estimator's speed response. 
(a) Normal R,. (b) i?„,„ = 1.1 /?,. (c) i?,„,„ = 1.5^,. 
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In the Fig.5.18, simulation result is shown, regarding the speed response, with the 
change of rotor resistance, R^ of motor, keeping all the parameters of estimator unchanged. 
The rotor resistance is changed by 10% and 50% from its rated value. When the rotor 
resistance, R^ is changed by 10%, it effect a little in the ripple content and tracking 
capability, especially in the transient period. When rotor resistance, R^, is further increased by 
50%, then ripple content increases in transient period. Also, tracking capability decreases in 
transient as well as in loaded condition. 
It should be noted that, with the variation of rotor resistance, behavior of motor also 
I 
deviates from its normal operation, especially in transient period. 
5.3.2 Effect of variation of stator resistance, /? : 
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Figure 5.19. Effect of incorrect setting of R^ value to estimator's speed response. 
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! 
In Fig.5.19, the change in the speed response is shown with the variation of statoi 
resistance, R^ of motor. R^ is changed by 10% and 50% from its rated value. 
When there is the change of 10% in/?,, ripple increases in the entire operating regior 
with the reduction of tracking capability in transient period. When R^ is further increased b) 
50%, ripple content further increases to about 2000rpm, respectively, with the reduction ir 
tracking capability. 
It should also be noted that as the value of staior resistance, R^ increases, the settling 
time of speed response is also increased, with the deviation from its normal operation. Above 
simulation result shows that the estimator depends with the variation of stator resistance, /?,. 
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5.3.3 Effect of variation of moment of inertia, J: 
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Figure 5.20. Effect of incorrect setting of J value to estimator's speed response. 
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InFig.5.20, the effect of the variation of moment of inertia,^, have been shown. When 
the value of J have been decreased by 20% from its normal value, then there is a decrease 
(about 0.1 sec.) in the settling time in the speed response of the motor as well as estimator. 
When the value of J have been increased by 20% from its normal value, the settling time 
further increases by about 0.1 sec. 
It should be noted that with the change in the value of moment of inertia, J, only the 
settling time of speed response is affected. Tracking capability is not effected at all, without 
the production of any ripple. 
5.3.4 Performance under fault condition 
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Figure 5.21.Effect of the fault (single phasing) during (a) transient (b) steady state and (c) 
loaded condition. 
There may be many fault condition (single phasing, LG, LL, LEG, or LEE), which 
may occur during induction motor operation. Fault analysis and hence simulation results can 
be obtained for each fault condition. i 
Fig.5.21 shows the fault analysis of single phasing fault, which may occur in any of 
the phase of induction motor. Fault may occur during any of the operating region of motor-
transient, steady state and loaded condition. Simulation results of all the operating regions are 
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shown above. During the transient period, steady state and loaded condition, fault occurs at 
0.3, 0.8 and 1.2 sec. respectively. When the fault occurs during any of the operating region, 
estimator speed response almost follows the response of motor, showing a good tracking 
capability. Also, there is no production of ripple at all. 
In general, the response of this scheme is much better than any of the close loop 
scheme. It is less sensitive to the parameter. However, ripple production mainly depends on 
the variation of stator resistance, R^ and a little on the rotor resistance i?,. Tracking capability 
is almost unaffected with other parameter variations. The effect of L^ and L^ can also be 
presented as shown for open-loop speed estimator in chapter 5. The performance of MRAS -
based speed estimator for field weakening and strengthening can also be presented as for 
open-loop speed estimator has been presented in chapter 4. 
5.4 Discussion of results 
The motor performances are investigated in two ways. Firstly, when motor is fed with 
fixed voltage and fixed fi^quency supply and secondly, when motor is controlled by vector 
control technique. 
Fig. 5.7 shows the results for speed responses for rotor flux linkage based tuning of 
MRAC. The accuracy of this scheme is much better than open-loop estimator. Fig. 5.12 
shows the results for speed response for back emf based tuning MRAC. The accuracy of this 
estimator is still better as compared to open-loop estimator. The only difficulty with this 
scheme is that at zero crossing (in reversing transient) a ripple of high magnitude and of 
smaller duration is occurred. Fig. 5.14 shows the results for speed response for reactive power 
based tuning of MRAC. Fig. 5.16 shows the results for speed response for ANN assisted 
MRAC scheme. This scheme gives best performances as compared to others. The 
performance of ANN assisted MRAC can be fiirther improving by using modified techniques. 
5.5 Summary 
This chapter deals with MRAC- based sensorless vector control and fixed voltage and 
fixed frequency fed supply of a five-phase induction machine, utilising an indirect rotor flux 
oriented controller and current control in the stationary reference frame. Modelling of a five-
phase induction machine is reviewed in chapter 3 and it is shown that the resulting model is 
the same as for a three-phase machine. Hence the same vector control principles and speed 
estimation technique are applicable. Operation in the speed mode is further studied, utilising 
the hysteresis current control. The speed feedback signal is the estimated one obtained from 
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different MRAC-based speed estimator. The attainable performance are examined by 
simulation and compared. It is shown that the dynamic behaviour, obtainable with the indirect 
vector control, is the same as it would have been had a three-phase machine been used. Rotor 
flux and torque control are fully decoupled, enabling the fastest possible accelerations and 
decelerations with the given torque limit. The comparison of results for different MRAC 
schemes shows that the performance obtained with ANN assisted MRAC technique are much 
better than other schemes. 
The performance of speed estimator is judged by parameter {R^,R^,L^,Lj.xindJ) 
variation and fault analysis (single phasing) in terms of tracking capability. It found that under 
parameter variation and fault condition the estimator behavior is satisfactorily. 
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CHAPTER 6 
ARTIFICIAL INTELLEGENCE BASED SENSORLESS 
CONTROL OF A FIVE-PHASE INDUCTION MOTOR 
DRIVE 
6.1 Introduction 
Artificial neural networks have emerged as powerful problem solving tools in the 
areas of pattern recognition and function emulation. There are various types of ANNs, though 
they can be broadly classified into three main categories - Feed-forward, Feed-back and Self-
orgamzing. The most widely used architectures can be further classified within these three 
categories, as can be seen in Fig. 6.1. The most common type of Artificial Neural Network is 
known as the multi-layered feed-forward network. 
Artificial Neural Networkj 
I 
Feedforward| 
f 
Feedbackj 
^ 
1 
^ihA Non-linearl Hopfieldj Boltzmann 
1 , 1 AA«w-i I Machine i 
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1 
Supervised! Unsupervisecj] I 
Figure 6.1. Artificial neural network classificafion. 
ANNs have been used successfully in various areas including image processing and 
recognition, control systems, speech processing, optimization, communication, signal 
classification, robotics, power systems and many others. ANNs have the ability to 
approximate almost any continuous nonlinear function, and this feature is extremely useful in 
applications where the functional relationship between the inputs and outputs is very complex 
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or unknown. Image and speech processing with ANNs has received widespread attention and 
commercial products are now available which use this technology. More recently, ANNs have 
been applied to problems in control systems, though the field has yet to reach maturity. 
6.2 Artificial Intelligence based speed estimation 
Traditionally mathematical model based analysis techniques have always been used 
for the steady-state and transient analysis of electrical machines. There are many techniques, 
but they mainly differ in their complexity and the many assumptions used. For 
implementation purposes (speed, torque, flux-linkage, estimators), conventionally again the 
mathematical model based techniques are used using space-vector theor>'. 
However, it is possible to perform the simulations and also implementations of 
estimators, controller, etc. (in real time) by using artificial-intelligence (Al)-based techniques 
e.g. artificial intelligence networks (ANN), fuzzy-logic systems, fiozzy-neural networks, 
neural-wavelet networks, etc., which do not require a mathematical model of the machine and 
drives system. Such a system is not restricted by the many assumptions used in conventional 
electrical machine and linear control theories. It can also yield the resuhs more quickly than 
by using the conventional approach. When an Al-based system is implemented, the main 
advantages are: 
> The estimator does not require a mathematical model. 
> An Al-based estimator requires less tuning efforts than that of a conventional. 
> An Al-based estimator exhibits good noise rejection properties. 
> An Al-based estimator shows a good fault tolerant properties (if a neuron is 
destroyed/eliminated, then Al-based estimator will continue to operate due to its 
parallel architecture, but the performance will deteriorate). 
> An Al-based estimator can be easily extended and modified. 
> An Al-based estimator can be robust to parameter variations. 
> An Al-based estimator can be computationally less intensive. 
> An Al-based estimator leads to reduced development times. 
The artificial neural networks (ANN) can be used for different types of artificial-
intelligence-based speed and position estimators. It is believed that this type of approach will 
find increasing application in the future. This is mainly due to the fact that the development 
time of such an estimator is short and the estimator can be made robust to parameter 
variations and noise. Furthermore, in contrast to all conventional schemes, it can avoid the 
direct use of a speed-dependent mathematical model of the machine. Actually the ANN 
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schemes presented in the forthcoming discussion are part of a Model Reference Adaptive 
System (MRAS). In this system, the ANN takes the role of the adaptive model. 
The conventional schemes require the use of a mathematical model for the adaptive 
model. However, greater accuracy and robustness can be achieved if this mathematical model 
is not used at all and instead, an artificial-intelligence-based non-linear adaptive model is 
employed. It is then also possible to eliminate the need for the separate PI controller, since 
this can be, integrated into the tuning mechanism of the appropriate artificial-intelligence 
based model. 
6.2.1 Direct method of speed estimation (Open loop estimator) 
The d-q axis dynamic equations for the five-phase squirrel-cage induction motor in the 
stationary reference frame are very well known and are given in equation (3.20-(3.25). 
'R,+pL, 0 pL„, 0 
0 R,+pL^ 0 pL^ 
0 -O^rLn, PL„ -CO^L^ K+PLr 
0 
(6.1) 
We see that in equation (6.1), if the stator voltages and stator currents are known along 
with the machine parameters, we have only three unknowns, viz. co^, i^^ and / . We can thus 
solve for co in terms of the stator quantities only. First, we obtain the rotor currents as 
functions of the stator quantities and co^ from the first two rows of equation (6.1), since the 
rotor currents are not accessible in a squirrel-cage induction motor. The expressions obtained 
for i^ and / in the stationary reference frame are 
''^ Z^ 
(6.2) 
(6.3) 
When we substitute equations (6.2) and (6.3) in the last two rows of equation (6.1) we 
obtain the following two expressions for the rotor speed a 
CO. 
di. 
^'-r-KLJ,.+Rrjv^dt + L,v^ 
o- ',. + 4 jv,A (6.4) 
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0), =• 
di 
a'^-R^LJ^^+K\v^^dt + L^v^^ 
dt 
o" ' * + • 
(6.5) 
^ -L^L^ The induction motor speed Where,v^ =Vj, -R,i,„v^^ =v^^ -RJ^^ & a' ^ L 
can be estimated from either of equations (6.4) or (6.5). 
As a first step, it was decided to use equations (6.4) or (6.5) for the purpose of ANN 
training. The equations (6.4) and (6.5) are implemented in MatLab/Simulink environment and 
the simulation results for fixed voltage and fixed frequency and vector controller are shown in 
Fig. 6.3 and Fig. 6.4 respectively. From the Simulation results, it is clear the both the 
equations (6.4) and (6.5) give almost similar results. The rotor speed estimated has lot of 
ripples of high amplitude in transient period as well as in steady-state period of low amplitude 
for both type of control i.e fixed voltage and fixed frequency and with vector controller. In 
case of an open loop estimator it is always very difficult to filter out these ripples. The 
tracking capability of an open loop estimator is acceptable since no feedback signal for 
speed correction is available as in closed loop estimator. The estimated speed can track the 
actual speed quite well even at low speed. However as being described by Shauder, this 
estimator is highly parameters dependent and therefore is bounded to errors of estimation 
if there are parameters variations. The drawback of this scheme is that the actual motor 
speed is not used during training. For this reason, this scheme did not function acceptably in 
the presence of a vector controlled induction motor drive. Fig. 6.2 shows the open-loop speed 
estimator based on AI. 
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Figure 6.2. Block diagram of ANN speed recovery. 
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Simulation Results: 
Figure 6.3. Speed response of Open Loop Estimator using equations (6.6) and (6.7) 
respectively for fixed voltage and fixed frequency supply. 
Figure 6.4. Speed response with the application of vector controller Open Loop 
Estimator using equation (6.6) and (6.7) respectively. 
6.3 Recurrent Neural Network (RNN) speed estimation 
speed estimation by the model referencing adaptive method was discussed in previous 
chapter 5. The current model flux estimator with an adaptive speed signal (o)^) is a first-order 
dynamic system, and it can be implemented by the Recurrent Neural Network (RNN). Figure 
6.5 shows the RNN-based speed estimator. In this case, each output neuron uses the linear 
activation function. The solution of the voltage model generates the desired flux components. 
These signals are compared with the RNN output signals and the weights are trained on-line 
so that the error 8 tends to zero. It is assumed that the training speed is fast enough so that the 
estimated speed and actual speed can track well. 
In particular, the reference model is described by the following stator voltage 
equations (voltage model) of the induction motor in the stator reference frame: 
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dt L„ dt 
d^qr 
= -^{v^,-Ri-(jL di 
(6.6) 
qs 
qs s qs ) dt L„' "' "' ' dt 
The voltage model employs, to perform open-loop integration, LP filters with a low cutoff 
frequency instead of pure integrators. 
The adaptive model is based on the well-known rotor voltage equations (current 
model) in the stator reference frame 
dt// 
Tr — ^ = LJqs - ^qr + t^X^dr 
(6.7) 
(6.8) 
From the simple forward Euler method, this gives the following finite-difference equation: 
V>rfr ( * + !) = ^ l^V>rfr ik) - (OjWqr W + Oi^'ds W 
where ^ marks the variables estimated with the adaptive model and k is the current time 
sample. A neural network can reproduce these equations, where 0)^,0)2,co^ are the weights of 
the neural networks defined as: 
6J1 =l-T/T^,6)2 = co^T ,ft>3 =L„T/T^, T is the sampling time of the control system, Z„ is 
the magnetizing inductance of the motor, T^ is rotor time constant, and o)^ is the rotor speed 
in electrical angles. The ANN has, thus, four inputs and two outputs . In the ANN, the weights 
fij, and 0)2 are kept constant to their values computed offline while only CO2 is adopted 
online. The corresponding RNN-MRAS-based speed estimation scheme is represented in Fig. 
6.5. 
t Refw^€ H * ^ '^^-H 
Awrfthm 
Figure 6.5. Schematic block diagram of RNN-MRAS estimator. 
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The RNN based speed estimator can be classified on the basis of adaptation algorithm used 
for the on line tuning (training) of the network. These are as follows: 
PI Algorithm 
BPN Algorithm 
Least Square Algorithm etc. 
6.3.1 PI Algorithm based speed estimator 
A linear neural network has been designed and trained online by means of PI 
controller algorithm. The RNN-MRAS-based sensorless operation of a three-phase induction 
machine is well established and the same principle is extended for a five-phase induction 
machine. Fig. 6.6 shows the RNN-based speed estimator using PI controller as a tuning 
(training) algorithm. 
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Figure 6.6. Schematic block diagram of RNN speed estimator using PI algorithm. 
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Figure 6.7. Recurrent Neural Network based speed estimator using Pl-controller. 
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It is clear from Fig. 6.6 that the adaptive model is characterized by the feedbacic of 
delayed estimated rotor flux components to the input of the neural network, which means that 
the adaptive model employed is in simulation mode. 
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Figure 6.8. Speed characteristics of RNN speed estimator using PI algorithm for 
(a) fixed voltage and fixed frequency supply fed (b) vector control. 
The simulation results of ANN-MRAS-PI scheme is shown in Figure 6.8 if we 
compare the speed response with the previous scheme (open-loop estimator) it can be readily 
concluded that there are much small ripples in this scheme and the tracking capability of the 
rotor speed estimator also improves. In fact ANN speed estimators give much better results 
than the conventional open loop and closed loop schemes. Hence it can be concluded here that 
ANN closed loop schemes are less affected by the noise and especially ANN estimators give 
more accurate results than the conventional MRAS schemes. 
6.3.2 BPN Algorithm based speed estimator 
6.3.2.1 Using Simple Euler Integration Method: 
A linear neural network has been designed and trained online by means of BPN 
algorithm. It is clear from Fig. 6.9(a) that the adaptive model is characterized by the feedback 
of delayed estimated rotor flux components to the input of the neural network, which means 
that the adaptive model employed is in simulation mode. Moreover, the adaptive model is 
tuned online (training) by means of a BPN algorithm, which is, however, nonlinear in its 
nature with the consequent drawbacks (local minima, heuristics in the choice of the network 
parameters, paralysis, convergence problems, and so on). 
In Fig. 6.9(b) the adaptive model employs an ADLINE and the values of the rotor 
flux-linkage components at the input of the ANN come from the reference model, and not 
from the adaptive one; this means that the ANN is employed in prediction mode. 
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Figure 6.9. Schematic block diagram of RNN speed estimator using BPN algorithm in 
(a) Simulation mode and (b) Prediction mode. 
Fig. 6.9(a) and Fig. 6.9(b) shows the block diagrams of MRAS-based speed estimation 
schemes, which contains an ANN. It follows from these figures that the inputs to the 
reference model are the monitored stator voltages and currents of the induction machine. The 
outputs of the reference model are the rotor flux-linkage components in the stationary 
reference frame {y/^d^Wrq)- These are obtained by considering the following equations: 
(6.9) 
(6.10) 
These two equations do not contain the rotor speed and describe the reference model. 
However, when the rotor voltage equations of the induction machine are expressed in the 
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Stationary reference frame, they contain the rotor flux linlcages and the rotor speed as well. 
These are the equations of the adaptive model and are given as: 
^dr = Y [j(LJ,s - V'dr - (^rTr^P'.r )dt\ (6.11) 
^, . = y [jiLJ^s - V>,r + ^ , ^ > . . )d'] (6.12) 
In these equations ij/j^ and ij/^^ are the rotor flux linkages estimated by the adaptive 
model. Equations (6.11) and (6.12) contain the rotor speed, which in general is changing, and 
it is our purpose to estimate this speed by using an ANN. For this purpose. Equations (6.11) 
and (6.12) can be implemented by a two-layer ANN which contains variable weights, and the 
variable weights are proportional to the rotor speed 
For given stator voltages and currents and induction machine parameters, the actual 
rotor speed Q)^ must be the same as the speed estimated by the ANN (o)^), when the outputs 
of the reference model and the adaptive model are equal. In this case the errors Sj = i//j^ -y^jr 
and e^ =it^^r-¥qr are zero. 
When there is any mismatch between the rotor speed estimated by the ANN and the 
actual rotor speed, then these errors are not zero, and they are used to adjust the weights of the 
ANN (or in other words the estimated speed). The weight adjustment is performed in such a 
way that the error should converge fast to zero. 
To obtain the required weight adjustments in the ANN, the sampled data forms of 
equations (6.11) and (6.12) are considered. Using the backward difference method, e.g. 
considering the rate of change of an estimated rotor flux linkage 
-^= I ^^-^^^  
Where T^ is the sampling time, the sampled data forms of the equations for the rotor flux 
linkages can be written as 
s r ^ s - 'r 
s • ' r • ' j ^r 
Thus the rotor flux linkages at the k"" sampling instant can be obtained from the previous 
(k -1)* values as 
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Y)'^Ak-i)-^Xv>,rik-\)+^' ¥,r (k) - (1 - -)V>.. (^ - 1) - ^X ^,r (^ - 1) + - ^ /.. (^ - 1) (6.1 6) 
K(^) - (1 - y ) K ( k - n + ^X ¥,r{k-\) + ^ V(^-1) (6.17) 
^ r r 
By introducing c = T /T^and assuming that the rotor time constant (T^) is constant, the 
following weights are introduced: 
w, = l - c 
w, = (oX 
Where r = ^ 
K 
It can be seen that CD^, and /y^  are constant weights, but (y^  is a variable weight, and is 
proportional to the speed. Thus equations (6.16) and (6.17) take the following forms: 
V>dr (k) = W, </>* (* - 1) - ^2 'y.r (*-!) + >^3 4 (^ " 0 (6-20) 
¥^,r(k) = yv,¥>,Ak-l)-M',,^,,(k-l) + w,i^,ik-l) (6.21) 
These equations can be visualized by the very simple two-layer ANN shown in Fig. 6.10. This 
contains four input nodes. The input signals to these input nodes are the past values of the 
estimated rotor flux-linkage components expressed in the stationary reference frame 
['J^dr(k~ ^X'J^qri^ ~ ^ ) ]' ^ ^ also thc past values of the stator current components expressed in 
the stationary reference frame [ ids (k -1), igs (^ -1) ]. There are two output nodes which output 
the present values of the estimated rotor flux-linkage components [v5'^^(^),^^^(^)]. Thus all 
the nodes are well defined. The connections between the nodes are represented by weights 
(synapses), and a weight shows the strength of the connection considered. In general a weight 
can be positive or negative, corresponding to excitatory and inhibitory weights. 
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In the ANN shown in Fig. 6.10, the adaptive W2 weights are shown with thiclc solid 
lines and, as noted above, these are proportional to the speed (w^ - co^T^ )where the 
proportionality factor is the sampling time. The adaptive weights are adjusted so that 
E = (l/2)f^ (A:) should be a minimum, where, 
s(k) = I//^{k)->/>,, 
Thus the weight adjustments to give minimum squared error have to be proportional to the 
negative of the gradient of the error with respect to the weight, - dE/dw^ since in this way it 
is possible to move progressively towards the optimum solution, where the squared error is 
minimal. The proportionality factor is the so-called learning rate, r\. which is a positive 
constant and larger learning rates yield larger changes in the weights. In practice as large a 
value is chosen for the learning rate as possible, since this gives the fastest learning, but a 
large learning rate can yield oscillations in the output of the ANN. 
^,.(^-1) K>=^? ^^ ^^ ^^  ^ • ^clr(k) 
Figure 6.10. ANN representation of estimated rotor flux linkages. 
It follows from the above that the mathematical expression for the weight adjustment 
has to be 
Aw^  (k) = -TjdE/dw^ (6.22) 
This after simplification gives the following expression: 
Aw.ik) = rj[-e,(k)ip,Ak -l) + £^(k)ij},^(k -1) ] (6.23) 
WheTee,{k) = i//j^ik)-iJ/j^ik), and s^ik) = t//^^(k)-ip^^(k). Equation (6.23) is a well 
known type of expression in neural networks using the method of steepest and gradient for 
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weight adjustment and it can be seen that the appropriate errors are multiplied by the 
appropriate inputs of the neural network shown in Fig. 6.10. 
Thus in Fig. 6.10 the weight adjustments can be obtained from 
w^{k) = w,{k-\) + Aw,{k) (6.24) 
It has been discussed above that for rapid learning, the learning rate (r\) has to be 
selected to be large, but this can lead to oscillations in the outputs of the ANN. However, to 
overcome this difficulty, a so-called momentum term is added to Equation (6.24). Which 
takes into account the past [(k-1)"'] weight changes on the present [k"^ ] weight This ensures 
accelerated convergence of the algorithm. Thus the current weight adjustment Aw^ik) 
described by Equation (6.24) is supplemented by a fraction of the most recent weight 
adjustment, Aw^ik-l): 
^2 (k) = W2 (A: -1) + Aw, (k) + aAw, (k -1) (6.25) 
Where a is a positive constant called the momentum constant The term a.Aw2(k-\) 
is called the momentum term, and is a scaled value of the most recent weight adjustment. 
Usually, a is in the range between 0.1 and 0.6. The inclusion of the momentum term into the 
weight adjustment mechanism can significantly increase the convergence, which is extremely 
useful when the ANN shown in Fig. 6.10 is used to estimate in real-time the speed of the 
induction machine. Since it follows from equation w,= o^T^, that the weight o), is 
proportional to the speed, finally the estimated rotor speed can be obtained from 
<^r=j- (6.26) 
s 
Simulation Results and discussion: 
The adaptation algorithm described above can be implemented in two ways (i) 
ANN MRAS BPN Model (adaptive model in Simulation mode), and (ii) ANN MRAS 
BPN Model (adaptive model in Prediction mode). It is clear from the Fig. 6.9 that the 
adaptive model is characterized by the feedback of delayed estimated rotor flux 
components to the input of the neural network, which means that the adaptive model 
employed is in simulation mode. Moreover, the adaptive model is tuned online (training) 
by means of a BPN algorithm, which is nonlinear in nature. In the second mode Figure 
6.10, the values of the rotor flux-linkage components at the input of the ANN come from 
the reference model, and not from the adaptive one; this means that the ANN is employed 
in prediction and not in simulation mode. 
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It is observed from the simulation results (Fig. 6.11 and Fig. 6.12) that much better 
response is obtained if it is implemented in the prediction mode the starting ripples which 
are the problem of ANN speed estimator can be eliminated and the tracking capability 
further improves in the prediction mode. 
The neural adaptive model employed in prediction mode, has the advantages that it 
gives quicker convergence of the speed estimation, higher bandwidth of the speed loop, lower 
estimation errors both in transient and steady-state operation, better behaviour in zero-speed 
operation at no load, and stable behaviour in field weakening. i 
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Figure 6.12. Speed response with vector controller of the ANN-MRAS-BPN scheme 
(a) adaptive model in simulation mode (b) adaptive model in prediction mode. 
A detail comparison of both the mode (simulation and prediction mode) is further 
elaborated here. The drive is operated in speed mode with speed feedback is taken from the 
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BPN-MRAS speed estimator. Fig. 6.13 displays results for reference and actual rotor flux in 
simulation mode and prediction mode. After the initial transient rotor flux settles to the 
reference value and there is a change of flux of 0.15 Wb in simulation mode and 0.13Wb in 
prediction mode. It is due to loss of decoupled control or parameter variation effect or lack of 
proper tuning. Fig. 6.14 displays results for reference and actual torque, speed, stator phase 
'a' reference and actual current and stator phase 'a' phase-to-neutral voltage for both modes. 
It can be seen from Fig. 6.14 that the flux and torque control are fully decoupled. Acceleration 
takes place with the maximum allowed value of the motor torque. Actual motor phase current 
tracks the reference very well. Consequently, torque response closely follows torque reference 
and a small deviation appears only at the end of the transient. No viable conclusion can be 
drawn because of PWM nature of voltages. In simulation mode, the ripples in the torque are 
of 4 N-m and spikes in speed are of 80 rpm. These torque and speed ripples are very small in 
prediction mode. 
Disturbance rejection properties of the drive are investigated next. Previous steady state is 
the one of Fig. 6.14 (no-load operation at 1200 rpm) and a load torque equal to the motor 
rated torque is applied in a step-wise manner at r = 1 s. Responses are shown in Fig. 6.15 for 
simulation mode and prediction mode. Application of the load torque causes an inevitable dip 
in speed, of the order of 20 rpm in this period. Motor torque quickly follows the torque 
reference and enables rapid compensation of the speed dip (in less than 100 ms). The motor 
torque settles at the value equal to the load torque after around 100 ms and the motor current 
becomes rated at the end of the transient. The maximum ripples in the torque and speed 
during this period in simulation mode are 6 N-m and 13 rpm and in prediction mode are 0.4 
N-m and 2 rpm. Due to presence of high ripples in torque and speed, the machine produces 
more noise, more losses, more heating and therefore derating of machine will take place. 
Finally, reversing transient is examined as well. Previous steady state is the one of Fig. 
6.15 (rated load torque operation at 1200 rpm) and the command for speed reversal is given at 
/ = 1.2 s. Responses, obtained for this transient, are shown in Fig. 6.16 for simulation mode 
and prediction mode. Once more, actual torque closely follows the reference, leading to the 
speed reversal, with torque in the limit, in the shortest possible time interval (approximately 
350 ms). During this period, in simulation mode, the ripple in the torque is 4 N-m and spikes 
in the speed are 200 rpm. The torque and speed ripples are very small in prediction mode. 
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Figure 6.14 The torque, speed and phase 'a' current of a vector controlled five-phase 
induction machine: excitation and acceleration transient for (a) simulation mode and 
(b) prediction mode. 
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Figure 6.16. The torque, speed and phase 'a' current of a vector controlled five-phase 
induction machine: reversing transient for (a) simulation mode and (b) prediction mode. 
The speed feedback signal is the estimated one obtained from BPN-MRAS-based 
speed estimator first from simulation mode and then from prediction mode. The attainable 
performances are examined by simulation in both modes and compared. It is concluded and 
shown that the performance achieved with prediction mode are better than simulation mode. 
6.3.2.2 Using Modified Euler Integration Method: 
This is the improvement of the artificial-neural-network (ANN)-based speed estimator 
MRAS ANN BPN presented in previous section. In this modified scheme the number of 
inputs to the adaptive model is increased with a consequent quicker convergence of the speed 
estimation. This modified ANN MRAS BPN speed estimator uses the current model as an 
adaptive model discretized with the modified Euler integration method. A neural network has 
been then designed and trained online by means of a nonlinear back propagation network 
(BPN) algorithm. Moreover, the neural adaptive model is employed here both in simulation 
and prediction mode. The quick convergence of the speed estimation and lower estimation 
errors both in transient and steady-state operation is obtained in the prediction mode. 
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A more efficient integration method is used by the so-called modified Euler 
integration, which also takes into consideration the values of the variables in two previous 
time steps. 
^dr =—\\iLj^ -iJ>,,~(oX¥>,M (6.27) 
f^. \r = — [ j ( ^ m V -V>,r+(OX'J>,r)dt^ (6.28) 
From equations (6.27) & (6.28) discrete-time equations (6.29) can be obtained, as given 
below: 
(6.29) 
where 0)^,(02,0)^,0)^,0}^, o)^, are the weights of the neural networks defined as: 
o)i=l-3T/2T^, 0)2 ='io)^T/2, 
o),=3LJ/2T^, a),=T/2T,, 
Q),^o)J/2, o)^=LJI2T^. 
And the rest of the equations are same as used in the previous ANN MRAS BPN 
scheme i.e. 
^d=¥ar-^dr £,=H^<,r-¥gr (6.30) 
^W2{,k) = T] -sAk)iy^rik-l)+£,(k)iJ>,^ik-l} (6.31) 
W2 (k) = Wj (A: -1 ) + AW2 (k) + aAw^ (k -1) 
w. And the speed is obtained as o)^ = — 
(6.32) 
(6.33) 
Fig. 6.17 shows the block diagram of the corresponding MRAS speed observer for 
simulation and prediction mode. 
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Figure 6.18. Speed characteristics of RNN speed estimator using modified Euler BPN 
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Figure 6.19. Speed characteristics of RNN speed estimator using modified Euler BPN 
algorithm for vector control in (a) simulation mode (b) prediction mode. 
The simple Euler causes an error at starting of transient. This problem can be avoided 
either by using a simple Euler integration in prediction mode or by using a modified Euler 
integration either in simulation or in prediction mode. In this last case, however, the use of the 
prediction mode results in better accuracy in rotor speed estimation and a better performance 
at zero speed as shown in the Fig. 6.18 and Fig. 6.19. 
As in the previous BPN scheme (MRAS-ANN-BPN scheme) adaptation algorithm 
described above is implemented in two ways viz adaptive model in Simulation mode,(ii) 
adaptive model in prediction mode. 
Fig. 6.18 shows the speed response of the modified ANN MRAS BPN scheme 
with adaptive model in simulation and prediction mode and Fig. 6.19 shows the Speed 
response in presence of a vector controller of the modified ANN-MRAS- BPN scheme 
with adaptive model in simulation and prediction mode. 
It is clear from the simulation results that much better response is obtained by 
increasing the number of inputs to the adoptive model. Further more the tracking 
capability further improves. In the simulation mode ripples are found for a period less 
than 0.1 seconds. After this period the estimator no ripples are there and the estimator 
closely tracks the actual speed. As shown in Fig. 6.18(b) these starting ripples can be 
completely eliminated in the prediction mode besides the tracking capability which is 
much better than with the simulation mode. 
6.3.3 Conjugate Gradient Algorithm based speed estimator 
The Conjugate Gradient method is an effective method for symmetric positive definite 
systems. It is the oldest and best known of the non-stationary methods discussed here. The 
method proceeds by generating vector sequences of iterates {i.e., successive approximations 
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to the solution), residuals corresponding to the iteration, and search directions used in 
updating the iterates and residuals. Although the length of these sequences can become large, 
only a small number of vectors need to be kept in memory. In each iteration of the method, 
two inner products are performed in order to compute update scalars that are defined to make 
the sequences satisfy certain orthogonality conditions. On a symmetric positive definite linear 
system these conditions imply that the distance to the true solution is minimized in some 
norm. 
The bi-conjugate gradient method provides a generalization to non-symmetric 
matrices. Various nonlinear conjugate gradient methods seek minima of nonlinear equations. 
It makes the learning algorithm faster. This method implies that the momentum 
factor a is changed during learning time according to the following formula: 
Where, <^) = (//™W-(//„W 
and aik-\) = g'(k)/g'(k-\) 
(6.34) 
(6.35) 
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Figure 6.20. Speed response of the ANN-MRAS-Conjugate Gradient scheme for (a) fixed 
voltage and fixed frequency supply (b) with vector controller. 
Fig. 6.20. shows the speed response of the ANN-MRAS-Conjugate Gradient scheme. 
Small error is present in the transient period but the error is completely omitted in the steady-
state region. The conjugate gradient method is faster as compared to the BPN scheme, 
because the learning rate is modified during learning, thus making the learning algorithm 
faster. ' 
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6.3.4 Recursive Least Square Algorithm based speed estimator 
In regression analysis, least squares, also known as ordinary least squares analysis, is a 
method for linear regression that determines the values of unknown quantities in a statistical 
model by minimizing the sum of the residuals (the difference between the predicted and 
observed values) squared. This method was first described by Carl Friedrich Gauss around 
1794. Today, this method is available in most statistical software packages. 
A related method is the least mean squares (LMS) method. It occurs when the number 
of measured data is 1 and the gradient descent method is used to minimize the squared 
residual. LMS is known to minimize the expectation of the squared residual, with the smallest 
number of operations per iteration). However, it requires a large number of iterations to 
converge. 
To improve the transient responses and variable speed performance, a speed sensorless 
vector control scheme consisting of RLS algorithm and IP speed control is presented and rotor 
speed is estimated. 
Two points must be considered in the design of a rotor flux estimator used in the speed 
estimator. First, it must be robust to parameter variation. Second, the rotor flux observer must 
be designed to minimize lag of estimated rotor flux. 
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Figure 6.21. Schematic block diagram of RNN speed estimator using least square technique 
in prediction mode. 
The reference model is described by the following voltage stator equations 
(voltage model) of the induction motor in the stator reference frame. 
v/.,=|^[j(F<,-/?A)rf/-4' ds (6.36) 
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^<,r-Y\\iV,.-RJ,Mt-L:i,. (6.37) 
These two equations do not contain the rotor speed and describe the reference model. 
However, when the rotor voltage equations of the induction machine are expressed in the 
stationary reference frame, they contain the rotor flux linkages and the rotor speed as well. 
These are the equations of the adaptive model and are given as 
r 
The sampled data forms of equations are given by 
(6.38) 
(6.39) 
(6.40) 
^ , . W = >^,^,.(^-l)->*'2^^..(*-l) + H'3V(^-l) (6.41) 
This method of speed estimation is not based on neural network structure. The idea is 
to apply to least square optimization method. Therefore, one can obtain the following 
equation: 
Note, this method carries out optimization in one step, and the learning process does not exist. 
a){,k) = 
-[Ty^Xk-\)] (6.42) 
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Figure 6.22. Speed response of the ANN-MRAS-LS Scheme for (a) fixed voltage 
and fixed frequency supply fed and (b) with vector controller. 
The speed response of second scheme ANN-MRAS-LS is shown in Fig. 6.22. It has 
small ripples and the tracking capability of the rotor speed estimator also improves as 
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compared to ANN-MRAS-LS. Hence it can be concluded here that least square estimators 
give more accurate results than the conventional MRAS schemes. 
6.4 Performance analysis of Al-based speed estimators 
6.4.1 Tracking capability 
Tracking capability is one of the key criteria of the comparison. The performance 
of an estimator is evaluated in terms of convergence of the estimated rotor speed to the 
actual speed. An estimator is said to have good tracking capability if the estimated value 
can track the actual value at high and even at close to zero speed. Using the same 
parameters in the IM and the ANN-MRAS estimator, the tracking performance of the 
estimator can be examined by changing the motor parameters. 
6.4.2 Parameter sensitivity 
As to ensure a fair comparison on the estimators' performance, the parameters 
of a 5-phase, 4-poles squirrel cage type induction motor have been used as given in 
Appendix I. Knowledge of motor's parameter is important for this simulation since the 
estimators are highly parameters dependent and hence, they are exposed to inaccuracy in 
estimation as the parameters vary. 
It is understood that the estimator's performance are highly dependent on the IM 
parameters since its structure realization is directly extracted from the IM dynamic 
equations. The IM parameters are affected by variations in the temperature and the 
saturations levels of the machine. Incorrect setting of parameters in the motor and that 
instrumented in the vector controller and estimators will results in the deterioration of 
performance in terms of steady state error and transient oscillations of rotor flux and 
torque. As a consequence, parameter sensitivity has been treated as a secondary issue in a 
vector controlled IM drives system. 
Some of the parameters detuning effect being studied are the stator resistance R,, 
rotor resistance R^, stator self-inductance L^, rotor self-inductance L^ and motor moment 
of inertia J. Amongst these parameters, stator resistance R^ variation has been observed 
to have large influence on the estimator's performance. Others parameters have minimum 
effects but as the variations becomes larger, the effect to the estimator's performance also 
becomes significant. 
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6.4.2.1 Effect of incorrect moment of inertia J setting: 
It is always crucial not to underestimate the motor parameters variation on the 
estimation process because small changes from its rated value might severely affected the 
accuracy of estimation. This includes the motor moment of inertia parameter, J. Though it do 
not exist in the IM dynamic equations extracted for MRAS based speed estimators as 
discussed earlier, however the implication of J variation should not be neglected. The only 
relation involved with this parameter is equation (6.43) 
T^=J—-^ + Bco^ 
at 
(6.43) 
which proportionately relates J with the torque produced. Therefore, any changes in J 
will vary the torque values. For that reason, the effect of variation in J has been studied and 
the following results explained the behavior of MRAS estimators prior to these changes. The 
tracking performance of the estimators is unaffected with changes in J values. The 
performance of the estimator has been examined with value of J in the IM is set to 0.8 J , 
1.2 J and 1.5 J respectively from its rated value and the values instrumented in the estimators 
is kept unchanged. The Open Loop Estimator, ANN-MRAS-PI, ANN-MRAS-BPN, modified 
ANN-MRAS-BPN estimator's response has undergone a shift in the rising and falling time 
due to changes in the torque response. It is observed from the responses (Fig. 6.23-6.30) that 
as the change in the J values is increased from 0.87 to 1.5 J , the time for the estimators to 
reach steady state also has increased. The longer time taken for rising and falling of the 
response is influenced by the torque response also. 
(«) (b) (c) 
Figure 6.23.Effect of incorrect setting of J value to Open Loop Estimator's speed response, 
(a) J„.„ =0.8y (b) Normal J(c) J = 1.2 J . 
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Figure 6.24. Effect of incorrect setting of J value to ANN-MRAS-PI estimator's Speed 
response (a) J„^ „ =0.8 J (b) Normal J (c) J„„, = 1.2J. 
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Figure 6.25. Effect of incorrect setting of J value to ANN-MRAS-BPN estimator's speed 
response, (a) J„,„ =0 .87 (b) Normal J (c) J„^ „ = 1.2 J . 
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Figure 6.26. Effect of incorrect setting of J value to modified ANN-MRAS-BPN estimator's 
speed response, (a) J„^ „ = 0.8 7 (b) Normal J (c) J„^^ = 1.2 J . 
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Figure 6.27. Effect of incorrect setting of J value to Open Loop estimator's speed response 
in presence ofa vector controller (a) J„^„ =0.8 J (b) Normal J (c) J„^„ = 1.27. 
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Figure 6.28. Effect of incorrect setting of J value to ANN-MRAS-PI estimator's speed 
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Figure 6.29. Effect of incorrect setting of J value to ANN-MRAS-BPN estimator's speed 
response in presence of a vector controller (a) J„^ „ =0.8 J (b) Normal J (c) y„^ „ = 1.2 J . 
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Figure 6.30. Effect of incorrect setting of J value to modified ANN-MRAS-BPN estimator's 
speed response in presence of a vector controller (a) J„^ „ =0.8 J (b) Normal J (c) J„^ „ = 
1.2J. 
6.4.2.2 Effect of incorrect rotor resistance R^ setting i 
The rotor resistance R^ is one of the variables that exist explicitly in the equations 
used to construct the structure of the MRAS estimators. Variation in the R^ will directly vary 
the rotor time constant value, T^. Incorrect value of T^ affects the accuracy of estimation, 
leading to variation in the rotor speed response. In this part, some simulations with different 
values of R^ have been carried out to examine the effect of the parameter variation to the 
estimator performance. The R^ value in the motor is changed to 10%, 50% and 100% from its 
rated value and the simulation results are shown. The following affects are observed: 
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As the value of R/\s increased to 10% and 50% from its rated value, the estimator's 
smooth response at rated value tend to deviate slightly from the normal response. When the 
value of R^ is increased to 100% from its rated value, the deviation of the estimated speed to 
the actual speed becomes significant especially during transient period (at starting).Large 
disturbances are observed for increased value of R^ The rotor time constant value T^ 
becomes relatively smaller as the value of the R^ is increased from its rated value and 
inaccurate value in the estimated rotor flux linkages at lower speed. The variation in the R^ 
values also affects the tracking performance as depicted in Fig. 6.31-6.38. The deviation is 
significant for large changes of R^. 
(a) (b) (c) 
Figure 6.31. Effect of incorrect setting of R^ value to Open Loop Estimator's speed response. 
(a) Normal R^ (b) ^ _ = l.li?, (c) i ? _ =l.5R^. 
(a) (b) (c) 
Figure 6.32. Effect of incorrect setting of R^ value to ANN-MRAS-PI estimator's speed 
response, (a) Normal R, (b) /?„,„ = 1.1 i?, (c) /?_, =1.5/?,. 
(a) (b) (c) 
Figure 6.33. Effect of incorrect setting of R^ value to ANN-MRAS-BPN estimator's speed 
response, (a) Normal R^ (b) i?_, = 1.1 /?, (c) /?,_ = 1.5/?,. 
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Figure 6.34. Effect of incorrect setting of R^ value to modified ANN-MRAS-BPN 
estimator's speed response, (a) Normal R^ (b) /?^ „^ ,„ = l.li?^ (c) /?^ „^ „ =1.5/?^ 
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Figure 6.35. Effect of incorrect setting of R^ value to Open Loop Estimator's speed response 
in presence of a vector controller (a) Normal R^ (b) ^^ „^ „ = 1.1^^ (c) 7?^ „^ ,„ = 1.5^^. 
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Figure 6.36. Effect of incorrect setting of R^ value to ANN-MRAS-PI estimator's speed 
response in presence of a vector controller (a) Normal R^ (b) ^^ „^ ,„ = 1.1 i?^  (c) /?^ „^ „ = 
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Figure 6.37. Effect of incorrect setting of R^ value to ANN-MRAS-BPN estimator's speed 
response in presence of a vector controller (a) Normal R^ (b) /?^ „^ „ =\.\R^ (c) /?^ „^ „ = 
1.5/?,. 
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Figure 6.38. Effect of incorrect setting of R^ value to modified ANN-MRAS-BPN 
estimator's speed response in presence of a vector controller (a) Normal R^ (b) i?^ „^ „ =\.\ R^ 
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6.4.2.3 Effect of incorrect stator resistance R^ setting 
Other parameter that exists in the equations related to MRAS based speed estimators 
is the stator resistance R^. It has been widely reported that this parameter can cause severe 
effect to the estimators' response during low speed operation. 
It is clear from the simulation diagrams that even small variations of R^ adversely 
affecting the speed response of the estimator. A comparative analysis using the different 
estimators is shown by the simulation results as shown in Fig. 6.39-6.46. Usually the effect of 
R^ variation is associated with the term/?^—^ which becomes relatively larger as the 
frequency decreases. The frequency will decrease at low speed and thus varying the stator 
voltages and currents. Therefore, small changes in R^ value will severely affect the estimated 
speed. 
(a) (b) (c) 
Figure 6.39. Effect of incorrect setting of R^ value to Open Loop Estimator's speed response. 
(a) Normal R^ (b) i ? _ = 1.1/?, (c) / ? _ =1.5/?,. 
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Figure 6.40. Effect of incorrect setting of R^ value to ANN-MRAS-Pl estimator's speed 
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Figure 6.41. Effect of incorrect setting of R^ value to ANN-MRAS-BPN estimator's speed 
response, (a)Normal R^ (b) /?,„,„ = l.li?, (c) i?,„,„ = 1.5i?,. 
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Figure 6.42. Effect of incorrect setting of R^ value to modified ANN-MRAS-BPN 
estimator's speed response, (a) Normal R^ (b) i?,„^ „ = 1.1 /?, (c) i?,„^ „ = 1.5/?,. 
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Figure 6.43. Effect of incorrect setting of /?, value to Open Loop Estimator's speed response 
in presence of a vector controller (a) Normal R^ (b) i?,„^ „ = 1.1 /?, (c) /?,„^ .„ = 1.5 /?,. 
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(a) (b) (c) 
Figure 6.44. Effect of incorrect setting of R^ value to ANN-MRAS-PI estimator's speed 
response in presence ofa vector controller (a) Normal /?, (b) i?^ „^ „ =l . l i? , (c) /?^ „^ „ = 
1.5 R,. 
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Figure 6.45. Effect of incorrect setting of R^ value to ANN-MRAS-BPN estimator's speed 
response in presence ofa vector controller (a) Normal R^ (b)/?j„^ „ = l.li?, (c) R^„^^ =\.5R^. 
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Figure 6.46.Effect of incorrect setting of R^ value to modified ANN-MRAS-BPN estimator's 
response in presence of a vector controller (a) Normal R^ (b) i?^ „^ „ = 1.1 i?, (c) i?^ „^ „ =\.5R^. 
6.4.3 Effect of Line Faults (single-phasing) on the estimator's performance 
When one of the phases of the three/five-phase motor is open due to some reason, 
single phasing condition occurs. This condition results in large positive and negative sequence 
currents, and hence excess heating will take place in the machine. This abnormal operating 
condition of motor is protected by an over current relay that uses thermal current protection 
scheme. The effect of line fault (single-phasing) on the estimator's performance is 
illustrated by the forthcoming figures obtained from the simulation results. This is the 
first time in the literature that the author has investigated the performance of the speed 
estimators during the fault conditions. Till now no author has observed the 
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performance of any speed estimator during any type of fault in the supply line. The 
single-phasing fault may occur in any of the phase of induction motor. Also the fault 
may occur during any of the operating region of the motor - transient, steady state, or 
loaded condition. The different ANN estimators are investigated when one of the 
incoming phases is out. Three cases are Studied for each estimator namely when 
single-phasing occurs during (a) Transient (starting) period (b) Steady state no-load 
period (c) Steady state loading period. A comparative study is made in terms of 
tracking capability and production of ripples. 
From the simulation results when the single-phasing occurs during any of the 
operating region, the estimators speed response almost follows the actual speed 
response of the motor showing a good tracking capability. Large ripples are found only 
in case of open loop scheme. Very small ripples are found in case of ANN-MRAS-PI 
scheme, while for the other two schemes (ANN-MRAS-BPN and modified ANN-
MRAS-BPN) there is no production of ripples at all. However the motor operation 
deviates from its normal operation during this condition. 
(a) (b) (c) 
Figure 6.47. Effect of single-phasing on Open Loop Estimator during (a) Transient 
(starting) period (b) Steady state no-load period (c) Steady state loading period. 
(a) (b) (c) 
Figure 6.48. Effect of single-phasing on ANN-MRAS-PI Estimator during (a) Transient 
(starting) period (b) Steady state no-load period (c) Steady state loading period. 
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Figure 6.49. Effect of single-phasing on ANN-MRAS-BPN Estimator during (a) Transient 
(starting) period (b) Steady state no-load period (c) Steady state loading period. 
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Figure 6.50. Effect of single-phasing on modified ANN-MRAS-BPN Estimator during (a) 
Transient period (b) Steady state no-load period (c) Steady state loading period. 
6.5 Discussion of results 
The first AI based scheme i.e. the open loop estimated rotor speed has number of 
ripples and in case of an open loop estimator it is always very difficult to filter out these 
ripples. The tracking capability of an open loop estimator is acceptable since no feedback 
signal for speed correction is available as in closed loop estimator. However, this 
estimator is highly parameters dependent and therefore is bounded to errors of estimation 
if there are parameters variations. The drawback of this scheme is that the actual motor 
speed is not used during training. For this reason, this scheme did not function acceptably in 
the presence of a vector controlled induction motor drive. 
The speed response of second scheme ANN-MRAS-Pl has small ripples and the 
tracking capability of the rotor speed estimator also improves as compared to open loop 
estimator. Hence it can be concluded here that closed loop schemes are less affected by the 
noise and especially ANN estimators give more accurate results than the conventional MRAS 
schemes. 
Next in the third scheme a well known Back Propagation law is used for ANN 
learning. It is observed from the simulation results of ANN-MRAS-BPN that much better 
response is obtained implemented in the prediction mode the starting peaks which is the 
problem of most of the ANN schemes can be eliminated and the tracking capability 
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increases in the prediction mode. The advantages of neural adaptive model employed in 
prediction mode are that it gives quicker convergence of the speed estimation, lower 
estimation errors both in transient and steady-state operation, better behaviour in zero-speed 
operation at no load 
From the ANN theory that if the number of layers or number of inputs to a 
nonlinear ANN network are high, the ANN gives much better output response. The same 
improvements are observed in the output simulation results of modified ANN-MRAS-
BPN scheme also, in which the number of inputs to the adaptive model are increased. 
The tracking capability further improves and in the prediction mode the starting ripples 
can be almost completely eliminated. 
The fourth scheme is the improvement of the ANN scheme, it is known as MRAS-
BPN-Conjugate Gradient scheme. It is the method that makes the learning algorithm 
faster. It is based on conjugate gradient algorithm. This method implies that the 
momentum factor changes during learning time; hence the response can be achieved 
faster. The same improvements are observed in the output simulation results of this 
modified scheme. 
The last but not least scheme i.e. MRAS-Least Square is not based on neural 
network structure. The idea is to apply to least square optimization method. This method 
carries out optimization in one step and learning process does not exist. The MRAS-Least 
Square response shows good tracking capability and only small ripples are present. The 
linear least-square algorithm is more suitable than a nonlinear one, such as the BPN and has 
better convergence. The least square techniques shows good tracking capability and only 
small ripples are present in the estimators speed response. 
6.6 Summary 
The work presented in this chapter has led to significant contributions to the area 
of ANN based control of induction motor drives. The objective of obtaining an accurate 
ANN based motor speed estimator has been achieved. The open-loop, MRAS-PI, MRAS-
Back Propagation and Conjugate Gradient and MRAS-Least-Square methods of induction 
motor speed estimation have been discussed. Speed expressions derived from the d-q axis 
dynamic equation of the induction motor form a basis for the above methods. The ANN's 
which has been on-line trained to mimic a vector controller. 
The performance of the estimators can be evaluated based on three criteria of 
comparison which are the tracking capability, parameter sensitivity and line faults. 
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The tracking performance of the estimators is unaffected with changes in J values. 
The Open-Loop Estimator, ANN-MRAS-PI, ANN-MRAS-BPN, modified ANN-MRAS-BPN 
estimator's response has undergone a shift in the rising and falling time due to changes in the 
torque response due to change in J value. It is observed that as the value of J is increased 
from 0.8 J Xo\.2J, the time for the estimators to reach steady state also increases. The longer 
time taken for rising and falling of the response is influenced by the torque response also. 
The change in value of i?^will directly vary the rotor time constant value, which 
affects the accuracy of estimation, leading to variation in the rotor speed response. As the 
value of R^ is increased to 10% and 50% from its rated value, the estimator's smooth 
response at rated value tend to deviate slightly from the normal response. When the value of 
R^ is further increased from its rated value, the deviation of the estimated speed to the actual 
speed becomes significant especially during transient period (at starting).Large disturbances 
are observed for large value of R^. The variation in the R^ values also affects the tracking 
performance as depicted in Figures. The deviation is significant for large change of R^. 
Other parameter that exists in the equations related to MRAS based speed estimators 
is thei?j. It is observed that this parameter causes severe effect to the estimators' response 
during low speed operation. 
The performance can also be judged by the variation of L^ and L^ for each speed 
estimator presented in this chapter. 
Therefore, as a whole, considering all the key criteria for comparison, it can be 
concluded that the modified ANN-MRAS-BPN in the prediction mode shows the best results 
and accurate speed estimation among the estimators described above. It is good in tracking 
capability and superb in insensitivity to parameters variation. It also tracks the actual speed 
more accurately during the line faults. Though further study need to be extended on the 
estimation at close to zero operation and parameters compensation algorithms could be 
implemented to overcome the effects to parameters variation in future. 
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CHAPTER 7 
OBSERVER BASED SENSORLESS CONTROL OF A 
FIVE-PHASE INDUCTION MOTOR DRIVE 
7.1 Introduction 
Generally, all the control system design methods for the IM electrical drive were 
developed under the assumption that the rotor flux and the speed of the machine is available. 
Estimation or measurement of the rotor flux is the core point for the vector control of the IM 
to be used in the required transformations mentioned previously in order to decouple and 
control the torque and the flux of the machine independently. In practice, the rotor speed is 
available some times via mechanical sensors and the rotor flux can only be obtained via 
special techniques (e.g. special windings, sensors etc.) not proper for the standard type 
induction motor widely used in the industry or via proper observers. Due to the additional cost 
and the problems of reliability and ruggedness of these sensors, observer design is preferred 
by many researchers to estimate the rotor speed and rotor flux. Consider a system modelled 
by the state-space description 
x{t) = Ax(t) + Bu{t) + Gd{t) (7.1) 
Where,x(1fj is an n-dimensional state vector 
x{t) is its component-wise derivative 
u(t) is an m-dimensional vector of known inputs 
d(t) is a k-vector of unknown inputs representing external disturbances and parameter 
uncertainties. 
Suppose the measured outputs of the system are modeled by 
Y{t) = Cx{t) + Hd{t) (7.2) 
Where y(t) is a/7-dimensional vector. Here^, B, C, G, and ^are all constant matrices 
of appropriate dimension. Observer theory is aimed at providing a real-time estimate of the 
state X (t) in this type of model, using only the known signals U (*) and U (*). 
However, an observer for the system modeled by (7.1) and (7.2) goes one step further, 
in that one corrects the above real-time simulation by use of the discrepancy between the 
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actual outputs j^ f?^  of the system and the prediction Cx(t) of these outputs that is obtained by 
ignoring the term Hd(t) in (7.2). This results in the system of equations 
x{t) = Ai{t) + Bu{t) + K[Ci{t) + y{t)] (7.3) 
In general an estimator is defined as a dynamic system whose state variables are 
estimates of some other system. There are basically two forms of the implementation of an 
estimator: open-loop and close-loop. A closed-loop estimator is referred to as an observer. For 
a system, it is possible to improve the robustness against parameter mismatch and also signal 
noise by using closed-loop observers. 
An observer can be classified according to the type of representation used for the plant 
to be observed. If the plant is considered to be deterministic, then the observer is a 
deterministic observer; otherwise it is a stochastic observer. The most commonly used 
observers are Luenberger and Kalman types. The Luenberger observer (LO) is of the 
deterministic type and the Kalman filter (KF) is of the stochastic type. The basic Kalman filter 
is only applicable to linear stochastic systems, and for non-linear systems the extended 
Kalman filter (EKF) can be used, which can provide estimates of the states of a system or of 
both the states and parameters (joint state and parameter estimation). The EKF is a recursive 
filter, which can be applied to a non-linear time-varying stochastic system. The basic 
Luenberger observer is only applicable to a linear, time-invariant deterministic system. The 
extended Luenberger observer (ELO) is applicable to a non-linear, time-varying deterministic 
system. In summary it can be seen that both the EKF and ELO are non-linear estimators and 
the EKF is applicable to stochastic systems and the ELO to deterministic systems. The 
extended Luenberger observer (ELO) is an alternative solution for real-time implementation 
in industrial drive systems. The simple algorithm and the ease of tuning of the ELO may give 
some advantages over the conventional EKF. 
Various types of speed observers are explained in this chapter, which can be used in 
high-performance induction machine drives. These include a fiill-order (fourth-order) 
adaptive state observer (Luenberger observer) which is constructed by using the equations of 
the induction machine in the stationary reference fi-ame by adding an error compensator. In 
the full-order adaptive state observer the rotor speed is considered as a parameter, but in the 
EKF and ELO the rotor speed is considered as a state variable. It is shown that when the 
appropriate observers are used in high-performance speed sensorless torque controlled 
induction motor drive (vector controlled drives, direct controlled drives), stable operation can 
be obtained over a wide speed range, including very low speeds. 
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7.2 Full order Luenberger observer for sensorless speed 
estimation of induction motors 
In the high performance control of AC drives a technique called "field oriented 
control" is used. The aim in this technique is to decouple the torque and flux of the machine 
resulting in a high performance independent control of the torque and flux in the transient and 
steady state operation as for the separately excited E>C machine. To decouple the components 
of the stator current that are controlling the flux and torque independently the rotor flux 
position should be measured or estimated. The measurement of the rotor flux is not an easy 
task, special winding design and additional sensors should be added to the plant to be 
controlled which causes reliability problems and increase in the cost. Thus, due to the 
problems explained above the main approach in getting the rotor flux position is to construct 
flux observers. Removal of the sensors that are measuring the mechanical coordinates of the 
system is one of the other main ongoing research due to the advantages like reliability, low 
cost, maintenance and operation in the harsh environment of these sensorless structures not 
only in the field of electrical drives but also in the field of dynamic control. However, due to 
the high order (5*) and nonlinearity of the IM dynamics, estimation of the angle speed and 
rotor flux simultaneously without the measurement of mechanical variables becomes a 
challenging problem. 
Induction motor (IM) can produce good performance using field oriented vector 
control strategy. The main idea of the vector control is the control of the torque and the flux 
separately. In order to decouple the vectors and realize the decoupled control most control 
schemes require accurate flux and rotor speed. This information is mainly provided by Hall 
sensors, sensing coils (flux measurement) and incremental encoder (rotor speed 
measurement). The use of these sensors implies more electronics, high cost, and lower 
reliability, difficulty in mounting in some cases such as motor drives in harsh environment 
and high speed drives, increase in weight, increase in size and increase electrical 
susceptibility. To overcome these problems, in recent years, the elimination of these sensors 
has been considered as an attractive prospect. The rotor velocity and flux are estimated fi-om 
machine terminals proprieties such as stator currents or voltages as Extended Kalman Filter 
and Artificial Neural Network. All these methods are complex. The complexities in these 
algorithms impose a very high computation burden. Moreover, the estimated speed error will 
give rise to flux error and this flux error will finally result in failures in the flux field oriented 
control strategy. For the field oriented control, we have two methods; the first is named 
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indirect rotor field oriented control (IRPOC). While the second is named direct rotor flux 
oriented control (DRFOC). The DRFOC is based on the regulation of the d and q axis rotor 
flux and addition of the opposite of the decoupling terms. 
The principle of this idea is to regulate the flux components so that the d axis rotor 
flux is equal to the rated rotor flux and the q axis rotor flux to be fixed to zero. The error 
between the observed d-axis rotor fluxes from its reference value (the rated value) feeds the 
proportional plus integral (PI) controller to obtain the direct stator voltage Vj^. The error 
between the observed q-axis rotor flux and its reference value feeds the proportional plus 
integral (PI) controller to obtain the reverse stator voltage V^^. The synchronous angular 
fi-equency is obtained from the output of the proportional and integral (PI) controller used in 
speed control loop. In this method if a decoupling error occurs the flux controllers must 
cancel this error. Therefore, the flux estimation based on the Luenberger observer with 
adaptive and optimal choice of a matrix gain, so that the exact flux estimation is achieved. An 
MRAS observer is used to estimate the rotor speed. Based on the observed flux and rotor 
speed, the direct rotor flux orientation is realized. The efficiency of the direct oriented control 
method is very high in the steady and dynamic states and also at low speeds and in the field 
weakening region. The observability and the stability of the observer can also be studied. 
The speed/flux controller completes the control system design for the induction 
machine, the only remaining part is the design of the flux observer required to decouple the 
currents controlling the flux and torque of the machine independently which will be 
mentioned in the fiirther discussion. 
All the control system design methods for the induction motor drive were developed 
under the assumption that the rotor flux and the speed of the machine is available. Estimation 
or measurement of the rotor flux is the core point for the vector control of the IM to be used in 
the required transformations mentioned previously in order to decouple and control the torque 
and the flux of the machine independently. In practice, the rotor speed is available sometimes 
via mechanical sensors and the rotor flux can only be obtained via special techniques (e.g. 
special windings, sensors etc.) not proper for the standard type IM widely used in the industry 
or via proper observers. Due to the additional cost and the problems of reliability and 
ruggedness of these sensors, observer design is preferred by many researchers to estimate the 
rotor speed and rotor flux. 
The structure of the proposed observer can be seen in Fig. 7.1 below. For the 
observer design the motor model given in the previous discussion in the stafionary frame. 
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Figure 7.1. Structure of the Full Order Observer. 
7.2.1 Sensorless operation of a five-phase induction machine 
The developed model of a five-phase induction motor indicates that an observer used 
for three-phase machines can be easily extended to multi-phase machines. For multi-phase 
machines observer -based speed estimator requires only af and q components of stator voltages 
and currents. The model of a five-phase induction machine (section 3.4), it has been shown 
that the stator and rotor d and q axis flux linkages are function of magnetising inductance Lm 
and stator and rotor d and q axis currents, where as the x and y axis flux linkages are function 
of only their respective currents. Therefore in speed estimation for multi-phase machine the x 
and y components of voltages and currents are not required. The speed can be estimated using 
only d and q components of stator voltages and currents. 
The proposed fiill order observer based five-phase vector controlled induction motor 
drive structure with current control in the stationary reference frame is shown in Fig. 7.2. 
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Figure 7.2. Observer-based five-phase induction motor drive structure with current control in 
the stationary reference frame. 
7.2.2 Full-order adaptive state (Luenberger) observer design 
A state observer is a model-based state estimator which can be used for the state 
and/or parameter estimation of a non-linear dynamic system in real time. In the calculations, 
the states are predicted by using a mathematical model, but the predicted states are 
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continuously corrected by using a feed baclc correction scheme. The actual measured states 
are denoted by x and the estimated states by x. The correction term contains the weighted 
difference of some of the measured and estimated outputs signals (the difference is multiplied 
by the observer feedback gain, G). The accuracy of the state observer also depends on the 
model parameters used. The state observer is simpler than the Kalman observer, since no 
attempt is made to minimize a stochastic cost criterion. 
To obtain the full-order non-linear speed observer, first the model of the induction 
machine is considered in the stationary reference frame, which can be described as follows: 
— ^Ax + Bv (7.4) 
dt 
and the output vector is 
/ > C x (7.5) 
By using the derived mathematical model of the induction machine, e.g. if the 
component form of the equations (7.4), is used, since this is required in an actual 
implementation and adding the correction term, which contains the difference of actual and 
estimated states, a full-order state observer, which estimates the stator currents and rotor flux 
linkages, can be described as follows: 
^ = Ax + Bv + G{i,-l) (7.6) 
at 
and the output vector is 
l=Cx il.l) 
where ^  is a state matrix , B is the input matrix, G is the observer gain matrix, C is the output 
matrix, x is the state vector, v is the input vector, /^  stator current vector. 
Also the state matrix of the observer {A) is a function of the rotor speed, and in a speed 
sensorless drive, the rotor speed must be estimated. The estimated rotor speed is denoted by 
d)^, and in general ^ is a function of o)^. The estimated speed is considered as a parameter 
in A, however in extended Kalman filter considered as a state variable. In eqns (7.4) and (7.5) 
the different terms are explained as follows: 
A = 
• []/T:+{\-a)/T;]l, [Z„ /{L^L^)\l, /T,-d>,j] 
LJJT, -I,IT^+co,J (7.8) 
B = [l,IL^,0,] (7.9) 
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C = [l„Oj 
J 
0 -1 
1 0 
12 = diag(l,l), is a second order identity matrix. 
Oj, is a 2x2 zero matrix. 
In state matrix A, the different terms are as follows: 
Z^andZ^ are the magnetising inductance and rotor self-inductance respectively, L^ is the 
stator transient inductance, T^ = L^ IR^ and 7/ = L^ IR^ are the stator and rotor transient time 
constants respectively, and a = \-L^^{L^L^) is the leakage factor. 
The observer gain matrix is defined as 
G = -
which yields a 2x4 matrix. The four gains in G can be obtained from the eigen-values of the 
induction motor as follows: 
g.= - (^ - l ) (^ + ^ ) 
g 3 = ( * ' - l ) | - T: T' L Z\ L s ™+_^ + ^ ^ ( ^ _ ] ) ( ^ + ^ ) 
1 1 
T T 
g^=-ik-l)S,^ 
(7.10) 
It follows that the four gains depend on the estimated speed, S^. 
By using eqns (7.4) to (7.10) it is possible to implement a speed estimator which estimates the 
rotor speed of an induction machine by using Matlab/Simulink software. The corresponding 
adaptive state observer is shown in Fig. 7.3. 
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Figure 7.3. Adaptive speed observer (speed-adaptive flux observer). 
In Fig. 7.3 the estimated rotor flux-linkage components and the stator current error 
components are used to obtain the error speed tuning signal and given by equations: 
ip =if/j^ +j4'nr n^<^  € = ^ A '^ J^qs- ^ ^^ estimated speed is obtained from the speed tuning 
signal by using a PI controller thus, 
^r = Kp (ij>^,e^ - v> ,^e^ ,) + K, \{ip^,e^ - ij/,^e^^ )dt (7.11) 
where Kp and K, are proportional and integral gain constants respectively, e^ = ij^ - ij^ and 
^qs - 'qs ~ 'qs ^^^ ^^ c dlrcct and quadrature axis stator current errors respectively. The 
adaptation mechanism is similar to that discussed in the MRAS-based speed estimators, 
where the speed adaptation has been obtained by using the state-error equations of the system 
considered. 
7.2.3 Simulation results and discussion: 
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Figure 7.4. Induction motor speed characteristics for (a) fixed voltage and fixed frequency 
supply fed (b) using vector control technique. 
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Per-phase equivalent circuit parameters of the 50 Hz five-phase induction machine, 
used in the work, are 7?,-9.5Q,/?^ =6.0Q, I,, =£,, =0.04H, Z,„ =0.41 H. Inertia and the 
number of pole pairs are equal to 0.025 kgm^ and 2, respectively. Rated phase current, phase-
to-neutral voltage and per-phase torque are 2.0 A, 220 V and 1.6 Nm, respectively. Rated 
(rms) rotor flux is 0.57 Wb. Hysteresis band is set to ±2.5% of the rated peak phase current 
(i.e. ± 0.070 A). Torque limit is at all times equal to twice the rated motor torque (i.e. 16.0 
Nm). Dc link voltage equals 593.1 V (= ^2x420 V) and provides approximately 10% voltage 
reserve at rated frequency. 
The proposed drive is operated in speed mode with speed feedback is taken from full 
order speed estimator. Fig. 7.4(a) displays the result for speed characteristic of the induction 
motor when motor is fed with fixed voltage and fixed frequency supply. The simulation time 
is t=l sec. and a rated torque is applied at t=0.7 sec. 
Fig. 7.4(b) displays the results for speed characteristics of the induction motor when 
motor is fed with using vector controller. The total simulation time is 2.0s. Speed command of 
1200 rpm is applied at /=0.3 s in a ramp wise manner from / = 0.3 to / = 0.35 s and is further 
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kept unchanged. Operation takes place under no-load conditions. Disturbance rejection 
properties of the drive are investigated next. A load torque equal to the motor rated torque is 
applied in a step-wise manner at r = 1 s. Finally, reversing transient is examined as well. The 
command for speed reversal is given at / = 1.2 s. The torque and current responses are 
obtained for these periods and are shown in Fig. 7.5. It is concluded from the responses that 
the actual speed and torque closely follows the reference. Fig. 7.6 displays the results for the 
locus of rotor fluxes. 
Fig. 7.4(a) and Fig. 7.4(b) shows the five-phase induction motor speed characteristics 
for fixed voltage and fixed frequency supply fed and using vector control technique. These 
characteristics show production of small ripples in transient as well as in steady-state period 
and are better than the characteristics obtained with open-loop speed estimator. In vector 
controlled technique, low amplitude ripples are produced in the torque response shown in Fig. 
7.5 which is acceptable for sensorless vector controlled induction motor for high performance 
drive. 
7.3 Kalman filter observer 
In 1960, R.E. Kalman published his famous paper describing a recursive solution to 
the discrete-data linear filtering problem. Since that time, due in large part to advances in 
digital computing; the Kalman filter has been the subject of extensive research and 
application, particularly in the area of autonomous or assisted navigation. 
The Kalman filter is a recursive estimator. This means that only the estimated state 
from the previous time step and the current measurement are needed to compute the estimate 
for the current state. In contrast to batch estimation techniques, no history of observations 
and/or estimates is required. It is unusual in being purely a time domain filter; most filters (for 
example, a low-pass filter) are formulated in the frequency domain and then transfoimed back 
to the time domain for implementation. 
The Kalman filter has two distinct phases: Predict and Update. The predict phase uses 
the state estimate from the previous time step to produce an estimate of the state at the current 
time step. In the update phase, measurement information at the current time step is used to 
refine this prediction to arrive at a new, (hopefully) more accurate state estimate, again for the 
current time step. 
Kalman filtering is a relatively recent (1960) development in filtering, although it has 
its roots as far back as Gauss (1795). Kalman filtering has been applied in areas as diverse as 
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aerospace, marine navigation, nuclear power plant instrumentation, demographic modeling, 
manufacturing, and many others. 
Some recent studies seeking an observer-based solution to the problem of parameter 
variations could be listed as follows; in, a sliding mode based observer is designed for the 
estimation of the load torque and rotor flux components by measuring the rotor velocity; with 
the nonlinear observer in, the stator fluxes and rotor speed are estimated, while in the 
extended Luenberger observer (ELO) in, the rotor fluxes and rotor velocity are estimated, as 
well as the step-type load torque. In the literature, a popular method for the state and 
parameter estimation of IMs is the extended Kalman filter (EKF). Model uncertainties and 
nonlinearities inherent to IMs are well-suited for the stochastic nature of EKFs. 
With this method, it is possible to make the on-line estimation of states while 
performing the simultaneous identification of parameters in a relatively short time interval, 
also taking system/process and measurement errors (noises) directly into account. This is the 
reason why EKF has found a wide application range in the sensorless control of IMs, in spite 
of its computational complexity. Among recent studies using EKF estimation for IMs, and 
estimate the flux and velocity, while uses an adaptive flux-observer in combination with a 
second order Kalman filter for the same purpose. None of these studies estimate the load and 
rotor resistance, resulting in a performance that is sensitive to the variation of these 
parameters. The velocity sensorless study utilizing a velocity sensor and a recursive least-
square algorithm in addition to the EKF, both provide robustness against load, but are 
sensitive to variations in the rotor resistance. The velocity is estimated as a constant 
parameter, which gives rise to a significant estimation error in the velocity during the 
transient state, especially under instantaneous load variations, although the performance is 
improved in the steady state. However, the estimation of rotor resistance is performed by the 
injection of low amplitude, high frequency signals to the flux reference of direct vector 
control system. This has caused fluctuations in the motor flux, torque and speed. 
7.3.1 Development of an EKF Algorithm 
In recent years, the Kalman filter algorithm has been used for the parameter estimation 
of an induction motor, or for the speed estimation of a synchronous and an induction motor. 
In the speed estimation of an inducfion motor using an extended Kalman filter algorithm, not 
only the angular speed of rotor, but also the angular frequency of rotor flux and the angle of 
rotor flux have to be augmented in the extended Kalman filter, because the state variables are 
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only the stator currents and magnetizing current. In that case, the complete decoupling of d-q 
component fluxes is assumed. Also, the magnetizing current is assumed to be constant. 
In the dynamic model of an induction motor, if the dimension of the state vector is 
increased by adding an angular speed of rotor, then the state model becomes nonlinear. 
Therefore, the extended Kalman filter has to be used to estimate the parameter. In this case, 
the angular speed of the rotor is considered as a state and a parameter. The extended Kalman 
filter algorithm should be calculated by using a microprocessor, and the system is to be 
expressed in a discrete-state model. 
An EKF algorithm is developed for the estimation of the states in the extended IM 
model given in (7.12) and (7.13), to be used in the sensorless vector control of the IM. The 
Kalman filter is a well-known recursive algorithm that takes the stochastic state space model 
of the system into account, together with measured outputs, to achieve the optimal estimation 
of states in multi-input, multi-output systems. The system and measurement noises are 
considered to be in the form of white noise. The optimality of the state estimation is achieved 
with the minimization of the covariance of the estimation error. For nonlinear problems, the 
KF is not strictly applicable since linearity plays an important role in its derivation and 
performance as an optimal filter. The EKF attempts to overcome this difficulty by using a 
linearized approximation where the linearization is performed about the current state estimate. 
This process requires the discretization of (7.12) and (7.13); 
Kalman filter is a unique observer which offers best possible filtering of the noise in 
measurement and of the system if the noise covariances are known. If rotor speed considered 
as an extended state and is incorporated in the dynamic model of an induction machine then 
the extended Kalman filter can be used to relinearize the nonlinear state model for each new 
value of estimate. As a result, the extended Kalman filter is measured to be the best solution 
for the speed estimation of an induction machine. The extended Kalman filter has been 
applied to the vector control system and for a direct control system or a constant Volt per 
Hertz. Few publications have been reported for the choice of the covariance matrices of the 
Kalman speed estimator. In this paper, the Kalman speed estimator for a vector controlled 
five-phase induction motor drive system is studied. 
7.3.2 Kalman Filters 
Kalman filter takes care of the effects of the disturbance noise of a control system and 
the errors in the parameters of the system are considered as noise. The Kalman filter can be 
expressed as a state model: 
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x = Ax + Bu + U(t)wit) (System equation) (7.12) 
y = Cx + v(/) (Measurement equation) (7.13) 
Where f/(/)= weight matrix of noise 
v{t)= noise matrix of output model (measurement noise) 
^ 0 = noise matrix of state model (system noise) 
(/(/), v(/), and >v(/)are assumed to be stationary, white, and Gaussian noise, and 
their expectation values are zero. The covariance matrices Q and R of these noise are 
defined as: 
Q = co\ ariance(w) = E{ww'} (7.14) 
R = co\ariance{v)-E{w'} (7.15) 
where E{.} denotes the expected value. 
The basic configuration of the Kalman filter is shown in Fig. 7.7. 
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Figure 7.7. The basic configuration of the Kalman filter observer. 
The state equations of the Kalman filter can be made as follows: 
x = (A-KC)x + Bu + Ky (7.16) 
The Kalman filter matrix is based on the covariance of the noise and denoted by K. The 
measure of quality of the observation is expressed as follows: 
I , ^^E{[xik)-x(k)Y[xik)-x(k)]}=mm (7.17) 
The value of K should be such that as to minimize L^. The result of K is a recursive 
algorithm for the discrete time case. The discrete form of Kalman filter may be written by the 
following equations, in which all symbols denote matrices or vectors: 
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(i) System state estimation: 
x{k +1) = x{k) + Y.{k)(y{k) - y{k)) (7.18) 
(ii) Renew of the error covariance matrix: 
P{k +1) = P{k) - K{k)h^ (k + l)Pik) (7.19) 
(iii)Calculation of Kaiman filter gain matrix: 
Kik + l) = F'ik + \)h^(k + \)[h{k + 1)P* (k + l)h^ (/t +1) + R]'' (7.20) 
(iv) Prediction of state matrix: 
/ (^ + l) = £ ( A x + 5,v)|,.,,,,„ (7.21) 
(v) Estimation of error covariance matrix: 
P'(k + l) = f(k + \)hk)f (^  +1) + 0 (7.22) 
Discretization of (7.25) and (7.26) yields: 
x{k + \) = A, {k)x{k) + B, {k)u{k) (7.23) 
yik) = CAk)x{k) (7.24) 
where K{k)\s the feedback matrix of the Kaiman filter. K{k) gain matrix calculates 
how the state vector of the Kaiman filter is updated when the output of the model is compared 
with the actual output of the system. The Kaiman filter algorithm can also be used for 
nonlinear systems (e.g. induction motor). However, the optimal performance may not be 
obtained and it is impractical to verify the convergence of the model. To realize the recursive 
algorithm of the extended Kaiman filter, a state model of the induction motor is required. 
After knowing the matrices^^, Bj, and C^, the matrices x(k) (state prediction) and y(k) 
(output prediction) can be calculated. 
7.3.3 Design of extended Kaiman filter for a five-phase induction motor 
drive 
When rotor speed is considered as a state variable in the induction motor model, then 
an extended induction motor model is obtained and the rotor speed is considered as an 
extended state. The discrete induction motor model defined in equations (7.23) and (7.24) can 
be implemented in the extended Kaiman filter algorithm. 
If the system matrix, the input and output matrices of the discrete system are denoted 
hyAj, Bj, and Cj, while the state and the output of the discrete system are denoted by 
x(^)and >'(A:),then 
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and T is the sampling time. 
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The essential matrices and vectors for the recursive algorithm of the extended Kalman 
filter can be calculated, with the discrete system model. With the help of Matlab/Simulink 
program, speed estimation algorithm of the extended Kalman filter can be simulated, as 
shown in Fig.7.8. The execution of the S-flinction block is based on an M-file written as 
MATLAB code. 
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Figure 7.8. Simulink based extended Kalman filter speed estimator. 
179 
Chapter 7: Observer based sensorless control of a S-phase induction motor drive 
7.3.4 Sensorless operation of a five-phase induction motor drives using 
EKF algorithm 
The developed model of a five-phase induction motor indicates that an observer 
(Kalman Filter) used for three-phase machines can be easily extended to multi-phase 
machines. For multi-phase machines observer-based speed estimator requires only d and q 
components of stator voltages and currents. From the model of a five-phase induction 
machine, it is shown that the stator and rotor d and q axis flux linkages are function of 
magnetizing inductance Lm and stator and rotor d and q axis currents, where as the x and y 
axis flux linkages are function of only their respective currents. Therefore in speed estimation 
for multi-phase machine the x and y components of voltages and currents are not required. 
The speed can be estimated using only c? and q components of stator voltages and currents. 
The proposed extended Kalman filter-based vector controlled five-phase induction motor 
drive structure with current control in the stationary reference frame is shown in Fig. 7.9. 
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Figure 7.9. A vector controlled five-phase induction motor with extended Kalman filter speed 
estimation algorithm. , 
7.3.5 Simulation results 
0 4 0 6 
Tim« (s«c) 
1600 
1400 
12CB 
•§• 1000 
S 800 
I 600 
I 400 
200 
0 
200 
• 
/ 
, 
1 ^Actual speed 
/ 
^^eference speed 
Speed errof 
• 
/ 
Loading 
1 
• 
0 01 02 03 04 05 06 07 08 09 1 
Time (sec) 
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Figure 7.12. Locus of rotor d- and q-axis fluxes. 
The proposed drive is operated in speed mode with speed feedback is taken from 
Kalman filter speed estimator. Fig. 7.10 displays the results for torque and speed 
characteristics of the induction motor when motor is fed with fixed voltage and fixed 
frequency supply. The simulation time is t=l sec. and a rated torque is applied at t=0.7 sec. 
For vector control, the total simulation time is t=2 sec. Speed command of 1200 rpm is 
functional at /=0.3 sec in a ramp wise mode from / = 0.3 to / = 0.35 sec and is further kept 
unaffected. Operation takes place under no-load and load conditions. Interruption dismissal 
properties of the drive are investigated next. A load torque equal to the motor rated torque is 
functional in a step-wise mode at / = 1 sec. In the last, reversing transient is examined. The 
command for speed reversal is given at r = 1.2 sec. The results, obtained for these periods, are 
shown in Fig. 7.11. It is concluded from the results that, the actual speed and torque closely 
follow the reference. Fig. 7.12 displays the locus of rotor fluxes. 
The five-phase induction motor torque and speed characteristics for fixed voltage and 
fixed frequency fed supply (g|=^|=le-6, g2^72^'s-2) is shown in Fig. 7.10. These 
characteristics show production of very small ripples in transient as well as in steady-state 
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period and are better than the characteristics obtained with Luenberger observer based speed 
estimator. In vector controlled technique, low amplitude ripples are produced in the torque 
and speed responses shown in Fig. 7.11, which is acceptable for sensorless vector controlled 
induction motor for high performance drive. The responses obtained with Kalman filter based 
speed estimator are much superior to open-loop estimator responses because this estimator is 
free from integrators and differentiators. 
Selection of covariance matrix: 
The error covariance matrix P of the Kalman filter is taken as a unit matrix and the 
measurement noise covariance matrix R of the extended Kalman filter is assumed as follows; 
P = ^ /ag(l,l,l,l,l) and R = diag{\e-3,\e-3) 
The configurations of the state noise covariance matrices G and Q are of highest 
importance for the superior performance of the Kalman filter algorithm. TTiey are expressed 
as follows: G = diagig^,gi,gi,gi,g2) andQ = diag(qi,?,,^,,9,,^j) 
Fig. 7.13 illustrates that the speed estimation of the extended Kalman filter is sensitive to the 
covariance matrices G and Q. 
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Figure 7.13. Estimated speed with various covariance matrices for (a) fixed voltage and fixed 
frequency fed supply (b) vector control five-phase induction motor drive. 
The precision of speed estimation with various G and Q may be find by the mean 
squared error between the actual rotor speed and the estimated speed. From Fig.7.13, it is 
observed that when g, = ^, =le-6, and g2 = 92^1e-2, the extended Kalman filter gives a more 
accurate result. When g\-g2~<i\~92^ the extended Kalman filter gives poor speed 
estimation results. For obtaining superior estimation results, the design principle is that the 
values of g^ and q^ in the covariance matrices G and Q should be greater than the values of 
g, and q, . 
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lA Comparison between adaptive flux observer and extended 
Kalman filter-based algorithms for sensorless vector 
controlled five-phase induction motor drive 
This section presents a comparison between the performances of an adaptive flux 
observer and those of extended Kalman filter-based algorithms, used to estimate the rotor 
speed in a vector-controlled five-phase induction motor drive. The estimate is obtained by 
measuring stator voltages and stator currents in both schemes. Performance of vector 
controlled drive system is investigated for acceleration, loading and reversing transients. 
Particularly, the influence of random noise, in stator voltages and currents 
measurements, on the estimation accuracy has been tested for both the algorithms. Many 
computer simulations carried out in Matlab/Simulink environment have proved the 
performances of both the algorithms. 
7.4.1 Simulation results and discussion i 
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Figure 7.14. Fixed voltage and fixed frequency supply fed five-phase induction motor drive 
speed characteristics for (a) an adaptive fiux observer and (b) extended Kalman filter. 
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Figure 7.16. Vector controlled five-phase induction motor drive speed characteristics for (a) 
adaptive flux observer and (b) extended Kalman filter. 
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Figure 7.17. Vector controlled five-phase induction motor drive torque characteristics for (a) 
adaptive flux observer and (b) extended Kalman filter. 
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Figure 7.18. Locus of rotor d- and q-axis fluxes for (a) adaptive flux observer and 
(b) extended Kalman filter. 
The drive is operated in speed mode with speed feedback is taken from observer-based 
speed estimator. Fig. 7.14 displays the results for speed characteristics of the induction motor 
when motor is fed with fixed voltage and fixed frequency supply. The simulation time is t=l 
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s. and a rated torque is applied at t=0.7 s. For vector control, the total simulation time is t=2 s. 
Speed command of 1200 rpm is applied at /=0.3 s in a ramp wise manner from / = 0.3 to / = 
0.35 s and is ftjrther kept unchanged. Operation takes place under no-load conditions. 
Disturbance rejection properties of the drive are investigated next. A load torque equal to the 
motor rated torque is applied in a step-wise manner at / = 1 s. Finally, reversing transient is 
examined as well. The command for speed reversal is given at / = 1.2 s. The responses, 
obtained for these periods, are shown in Fig. 7.15, 7.16 and 7.17. It is concluded from the 
responses that the actual speed and torque closely follows the reference. Fig. 7.18 displays the 
results for the locus of rotor fluxes. 
When drive is fixed voltage and fixed frequency fed then maximum speed fluctuation in 
adaptive flux observer and extended kalman filter are 20 rpm and 10 rpm respectively. This 
speed error is in acceleration period only and in steady-state period error is approximately 
zero. When drive is vector controlled then maximum fluctuation in rotor flux are 0.1 wb and 
0.05 wb, called as loss of vector control and the speed errors are 50 rpm and 5 rpm and the 
torque fluctuations are 2.5 N-m and 1.0 N-m respectively. In adaptive flux observer, the 
torque response is of oscillatory nature, this is due to the application of PID controller in the 
observer. This oscillatory response is absent in extended Kalman filter because PID is not 
used. Therefore Kalman filter shows superior performances with respect to adaptive observer. 
7.5 Summary 
The first part of this chapter deals with fiall order observer-based sensorless vector 
control of a five-phase induction machine, utilising an indirect rotor flux oriented controller 
and current control in stationary reference frame is at first reviewed and it is shown that the 
resulting model is the same as for a three-phase machine rotor flux oriented controller and 
current control in the stationary reference frame. Hence the same vector control principles and 
speed estimation technique are applicable. Operation in the speed mode is further studied, 
utilising the hysteresis current control. The speed feedback signal is the estimated one 
obtained from observer -based speed estimator. The attainable performance is examined by 
simulation. It is shown that the dynamic behaviour, obtainable with the indirect vector 
control, is the same as it would have been had a three-phase machine been used. Rotor flux 
and torque control are fully decoupled, enabling the fastest possible accelerations and 
decelerations with the given torque limit. 
In second part of this chapter, an extended Kalman filter is designed to estimate the 
rotor speed of a vector controlled five-phase induction motor drive. Effects of the covariance 
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matrices of the Kalman filter are studied and a suggestion for selecting the covariance 
matrices is also given. Simulation results shows that the extended Kalman filter has excellent 
noise rejection properties. The attainable performance are examined by simulation and 
compared. It is shown that the dynamic behavior, obtainable with the indirect vector control, 
is the same as obtained with three-phase machine. Same technique can be extended to multi-
phase multi-motor drive system. 
This chapter presents a detailed study of a fiill order Luenberger observer and 
extended Kalman filter based sensorless control of a five-phase induction motor drive and 
then comparison between the performances of an adaptive flux observer and those of an 
extended Kalman filter-based algorithm, used to estimate the rotor flux components, and so 
the rotor speed. Simulation results have shown the superior performances of Kalman filter 
with respect to adaptive observer. 
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CHAPTER 8 
SENSORLESS CONTROL OF A FIVE-PHASE SERIES-
CONNECETD TWO MOTOR DRIVE 
8.1 Introduction 
Multi-phase machines can be used in variable speed drives. The applications are 
electric ship propulsion, 'more-electric aircraft' and traction applications, also Electric 
Vehicles and Hybrid Electric Vehicles. The multi-phase machines enables independent 
control of a few numbers of machines that are connected in series in a particular manner and 
the supply is fed from a single voltage source inverter (VSI). The idea was first implemented 
for a five-phase series-connected two-motor drive system, but is now applicable to any 
number of phases more than or equal to five-phase. The number of series-connected machines 
is a function of the phase number of VSI. The theoretical and simulation studies have already 
been reported for series-connected two five-phase induction motor drive. 
Variable speed induction motor drives without mechanical speed sensors at the motor 
shaft have the attractions of low cost and high reliability. To replace the sensor, information 
of the rotor speed is extracted from measured stator currents and voltages at motor terminals. 
Open-loop estimators or closed-loop observers are used for this purpose. They differ with 
respect to accuracy, robustness, and sensitivity against model parameter variations. This 
chapter analyses operation of a speed estimator based sensorless control of vector controlled 
series-connected two-motor five-phase drive system with current control in the stationary 
reference frame. Results, obtained with fixed-voltage and fixed-frequency supply fed and 
hysteresis current control is presented for various operating conditions on the basis of 
simulation results. The purpose of this chapter is to report first time, the simulation results on 
a sensorless control of a five-phase two-motor series-connected drive system. The operating 
principle is given first and then description of the sensorless technique. 
Idea of multi-phase motor drives is old (1969) but, the interest in multi-phase motor 
drive applications has uplift during the last few years. The main reason for the development of 
this research is: large cranes, railway traction application and EV/HEV applications, 'more-
electric aircraft' and 'more-electric ship' applications. The application of multi-phase drives 
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system vary from application to application. The multi-phase machines reduces the inverter 
(VSI) per-phase rating in high power drives application (ship-propulsion, railway-traction) 
and also improved the efficiency of the system (low power drives and integrated drives) and 
also up to some extent improved fault tolerance capacity. 
The excellent application of multi-phase machines is independent control of a group of 
series-connected machines, which is fed through a single voltage source inverter. This 
concept is explained in, where a five-phase two-motor drive was explained. The concept 
originated from the theory that any multi-phase machine requires only two currents for 
independent flux and torque control. Thus, the remaining currents in a multi-phase machine 
can be used to control other machines connected in series. This implies that there are 
additional degrees of freedom in a multi-phase machine. An appropriate phase transposition is 
necessary when connecting the machines in series. This logic is applicable to all machines 
having phase numbers greater than or equal to five. Generalizations to all possible machines 
having even and odd phase numbers have been reported in literature where proper machine 
winding connections and the number of machines connected in series depends on drive phase 
number were reported. This theory is applying to symmetrically series connected multi-phase 
machines (angular difference between any two consecutive phases is 2nln, where n is the 
number of phases) with sinusoidal flux distribution. However, the idea of series cormection 
can be applied to the asymmetrical machines also, in which machine stator winding consists 
greater than or equal to two three-phase windings displaced in space with a specific angle. 
The two-motor drive system of this type, using asymmetrical six-phase machines (with two 
three-phase windings spatially displaced by 30°) has been reported. 
From the industrial applications point of view only the 5-phase or 6-phase two-motor 
drives has the gravity. The reason behind this is, because in the series connected machines 
flux and/or torque producing currents of one machine flow through the other machines in the 
system and so machine stator windings copper loss increases, therefore efficiency of the 
system reduces. The literature available on series-connected drive systems describes mostly 
two types of configurations first is five-phase and second two possible six-phase (with 
symmetrical or asymmetrical six-phase machines). The operating principle of the series-
connected two-motor five-phase drive system has been reported in literature, and a d-q 
modeling for this drive system is reported in literature. Inverter current control can be 
analyzed by using either synchronous current controllers or phase current controller in the 
stationary reference frame. A comparison of these two controllers has shown that phase 
Chapter 8: Sensorless control of a S-phase series-connected two motor drive 
current control in the stationary reference frame is advantageous for series-connected multi-
motor drive systems, since the parameter variation sensitivity in the decoupling circuit 
increases by the application of synchronous current controller. The phase current control 
technique is utilized in the paper. 
The experimental results of a vector-controlled series-connected two-motor six-phase 
drive, comprising a symmetrical six-phase machine connected in series with a three-phase 
machine is available in literature. Also the performance of two series-connected asymmetrical 
six-phase machines under Volt per Hertz control is presented in literature. This chapter 
therefore presents the simulation results, collected from a sensorless vector-controlled series-
connected five-phase two-motor drive system, which illustrate an ultimate proof of the 
decoupling of the system. A short overview of the operating principles is discussed first. The 
number of simulation results, for different test conditions are presented. These test results 
prove that the coupling of control of the two machines is practically negligible even in 
sensorless mode, although both machines are connected in series and the supply is fed from a 
single five-phase VSI. 
The two-motor drive system presented in this chapter has a good panorama for 
industrial applications allied to winders. In such an application use of two series-connected 
five-phase machines is advantageous in two folds, first it save one inverter leg (when 
compared to an equivalent two-motor three-phase system) and second reduces the inverter 
rating, thus reducing the capital expense. The best results can be obtained with permanent 
magnet synchronous machines, since machine de-rating would not be required to compensate 
for the excess stator winding losses. 
Sensorless operation of a vector controlled three-phase induction machine drive is 
broadly discussed in the literature, but the same is not true for multi-phase induction machine. 
Only few application of sensorless operation of multi-phase machine is presented in the 
literature. The difficulties associated with the position sensor in 'more-electric' aircraft fuel 
pump fault tolerant drive is highlighted in literature. 
Although several schemes are available for sensoriess operation of a vector controlled 
drive, but the simplest is the open-loop scheme because of ease of their realization. An 
attempt is made in this chapter to extend the different sensorless techniques of a three-phase 
machines and five-phase machines to series-connected two-motor five-phase drive system. 
The analysis is here limited to Open-Loop, MRAS, ELO and EKF-based sensorless 
control of a series-connected two-motor five-phase drive system, with current control in the 
stationary reference frame. Phase currents are controlled using hysteresis current control 
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method. A simulation test is performed for speed mode of operation, for a number of 
operating conditions, and the results are presented in the chapter. 
The detailed study of five-phase two-motor drive system and modelling of series-
connected five-phase two motor drive is reviewed in chapter 3 and Iqbal et al (2003, 2004, 
2005, 2005a, 2006). 
8.2 Sensorless operation of a five-phase series-connected two 
machines 
The developed model of a series-connected two five-phase induction machines 
suggest that a speed estimator used for five-phase machines can be easily extended to multi-
phase, multi-motor machines. For multi-phase machines too any speed estimator requires only 
d and q components of stator voltages and currents for first machine. From the model of a 
five-phase induction machine (chapter 3), it has been shown that the stator and rotor d and q 
axis flux linkages are fiinction of magnetizing inductance Lm and stator and rotor t/and q axis 
currents, where as the x and >' axis flux linkages are function of only their respective currents. 
Therefore in speed estimation for multi-phase multi-motor machine the x and >' components of 
voltages and currents are required for speed estimation of second machine. Therefore speeds 
can be estimated using d-q and x-y components of stator voltages and currents. A principal 
block-diagram of the sensorless control of series-connected five-phase two-motor drive 
system based on Model Reference Adaptive System (MRAS) is shown in Fig. 8.1. 
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Figure 8.1. The block diagram for MRAS based sensorless control of series connected two 
five-phase induction machines. 
190 
Chapter 8: Sensorless control of a S-phase series-connected two motor drive 
8.3 Open-Loop speed estimator for a five-phase series-connected 
two motor drive 
Although several schemes are available for sensorless operation of a vector controlled 
drive, but the simplest is the open-loop because of ease of their implementation. An attempt is 
made in this section to extend the open-loop technique of a three-phase and five-phase 
machines to five-phase two-motor series-connected drive system. 
The analysis in this section is restricted to open-loop sensorless control of a five-phase 
two-motor series-connected drive system, with current control in the stationary reference 
frame. Phase currents are controlled using hysteresis current control method. A simulation 
study is performed for speed mode of operation, for a number of transients, and the results are 
reported in this chapter. 
In the context of speed estimation based on an induction machine model, the term 
'open-loop speed estimation' means that the speed estimation purely relies on the equations of 
an induction machine model. In other words, a corrective action within the speed estimator is 
not present. If there is certain corrective action within the model based speed estimator, such 
an estimator is termed 'closed-loop speed estimator'. Note that the meaning of 'open-loop' 
and 'closed- loop' in this context is not in any way related to the speed control loop of the 
drive - this loop is always closed and that is precisely the reason why the speed is estimated in 
the first place. The first attempt to operate the induction machine with closed-loop speed 
control but without using a speed sensor was based on an analogue slip calculator that 
computed the slip frequency and dates back to 1975. The slip frequency is the difference 
between the stator fi-equency and the electrical frequency corresponding to rotor speed. By 
calculation of the slip fi-equency, the speed of the rotor can be determined. The slip 
information is obtained by measuring the electrical quantities applied to the machine. By 
performing simple signal processing operations on the measured quantities, an analogue 
signal proportional to the slip level is derived and used to control the machine. This scheme is 
applicable only in steady-state, in a limited speed range, and is therefore inappropriate for 
high performance vector control. During the last couple of years, several open-loop rotor 
speed estimation methods were developed for sensorless vector control of induction machine. 
Calculation of the rotor speed is based on the induction machine dynamic model. Rotor speed 
is calculated as the difference between the machine's synchronous electrical angular speed 
and the angular slip frequency. 
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In this chapter rotor speed and slip frequency estimator is obtained by considering the 
voltage equations of the induction machine. The scheme explained below use the monitored 
stator voltages and currents or the monitored stator currents and reconstructed stator voltages. 
In general, the accuracy of open-loop estimators depends greatly on the accuracy of the 
machine parameters used. At low rotor speed, the accuracy of the open-loop estimator is 
reduced, and in particular, parameter deviations from their actual values have great influence 
on the steady-state and transient performance of the drive system which uses an open-loop 
estimator. Furthermore, high accuracy is achieved if the stator flux is obtained by a scheme 
which avoids the use of pure integrators. It is possible to have a rather accurate estimate of the 
appropriate 'hot' stator resistance by using a thermal model of the induction machine. 
In some schemes, the rotor flux linkage estimation requires the rotor time constants, 
which can also vary, since it is the ratio of the rotor self-inductance and the rotor resistance, 
and the rotor resistance can vary due to temperature effects and skin effects, and the rotor 
self-inductance can vary due to skin effect and saturation effects. The changes of the rotor 
resistance due to temperature changes are usually slow changes. Due to main flux saturation, 
the magnetizing inductance (L„) can change and thus the stator self-inductance 
(Lg =Lgf +L„) and rotor self-inductance (L,. = L^f + L„) can also change even if the 
leakage inductances (L,/, L^) are constant. The changes of the rotor self-inductance due to 
saturation can be fast. Due to leakage flux saturation, L^/, L^ and the stator transient 
inductance (L,) can also change. In a vector-controlled drive, where the rotor flux amplitude 
is constant, the variation of L„ are small. 
Rotor speed is calculated as the difference between the machine's synchronous 
electrical angular speed and the angular slip frequency. In other words, 
®r = ^mr " ^^sl 
where (o^ is the rotor speed, co„^ is the speed of rotor flux and o, , is the angular slip 
frequency. In a rotor flux oriented controlled induction machine, it is possible to obtain the 
angular slip frequency by using the rotor voltage equation of the machine in the rotor flux 
oriented reference frame. The angular slip frequency can be calculated from: 
.m !iNv 
' ^ s , = ^ ^ (8.1) 
where i'^ can be obtained from the torque equation as: 
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;INV 27 L m (8.2) 
^ 5P v^. 
Substitution of equation (8.2) into (8.1), considering that (//,. = \f/„ in the rotor flux oriented 
reference frame and that 
5 L™ (8.3) 
L™ 1 
Yields CO,, = *" INV^ ^sl 
rr y^'r (y^ari^-y^^C") 
(8.4) 
The electrical angle ^^  of the rotor flux vector is defined as: 
V^' 
yy" or ) 
(8.5) 
The derivative of the angle equation (8.5) can be used to obtain the electrical angular speed of 
the rotor flux. Therefore, 
<i¥t 
mr ^f 
¥lr+y^% 
(8.6) 
If the rotor flux components are known, the electrical angular speed of rotor flux can be 
calculated by using equation (8.6). It is convenient to estimate the rotor flux components from 
the stator voltage equations. Derivatives of the rotor flux components can be then given as: 
dif/ or L^^ 
dt L 
dt 
TM 
•m 
TM 
,INV tTMilNV 
-H. 1^ - a L TMiTM dias 
INV \ 
*s 'as dt 
,m 
.INV 
-rfs 'fis -f^ ^s 
TMim " ' / » di 
J 
INV\ (8.7) 
dt 
Electrical angular speed of rotor flux, given with (8.6), and angular slip frequency (8.4) are 
thus calculated using (8.7) and measured stator voltages and currents. Finally, the rotor speed 
is estimated from: 
d If/ fir 
^r = (^mr ' ^ si = 
V a r - ^ - y ' f i r 
di//, 
dt m 
-m 
Wlr +¥)r 7-™ y^r 
- i w i"^^ -11/ i'^^ ) 
2 War'fis V^ fir'as I 
(8.8) 
193 
Chapter 8: Sensorless control of a 5-phase series-connected two motor drive 
The suffix TM stands for Two-Motor Model values and INV stands for inverter quantity. In 
the expressions a = d and fi = q for first machine and a = x and J3 = y for second 
machine. 
A simulink diagram can be implemented using speed estimation scheme based on the 
equations (8.1)-(8.8). The inputs are stator currents and stator voltages in stationary reference 
frame. Stator currents can be measured from the machine terminals. Stator voltages can be 
measured from the machine terminals or reconstructed from the inverter switching states and 
measured DC link voltage. 
The problems encountered in the implementation of open-loop scheme are two-fold. 
Firstly, since it is model based, accuracy of speed estimation is affected by parameter 
variation effects. Secondly, the open-loop scheme involves pure integration that fails at very 
low and zero frequency due to offset and drifts problems. This kind of speed estimator works 
without failure above 10% of rated synchronous speed. 
8.3.1 Simulation Results 
The simulation results of open-loop based speed estimator are obtained using two 
identical 4-pole, 50 Hz five-phase induction machines. The indirect vector controller for both 
machines is the same and is the one shown in Fig. 3.3. Various simulation tests are performed 
in order to verify the independence of the control of the two machines in sensorless mode i.e. 
using open-loop speed estimator. The results are reported in this section. Operation in the base 
speed region only is considered and the stator d-axis current references of both machines are 
constant at all times. Both machines are running under no-load and load conditions. Both 
machines can be operated in two ways: 
8.3.1.1 Fixed voltage and fixed frequency supply fed five-phase series-connected two 
motor drive: 
Under this condition both machines are connected to two ideal five-phase supply 
systems. If supply voltages for machine-1 are v3,,Vbi,Vci,Vd,,Vei and for machine-2 are 
Va2'Vb2>Vc2'Vd2.Ve2 then the resultant supply voltages applied to the series-connected two 
motors are: 
f'c=v.,+v,2, (8.9) 
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The simulation time for test is 2 sec. and first macliine is loaded at t=1.2s and second 
machine loaded at t=1.0s. The machines are running under acceleration transient and steady-
state at no-load and load conditions. Both the machines are running under different test 
conditions to verify the decoupling of both machines also. The corresponding test results are 
shown in Fig. 8.2(a) to (f). Each test results show both reference and estimated speeds for 
IMlandIM2. 
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Figure 8.2. Speed characteristics for fixed voltage and fixed frequency fed series-connected 
two five-phase induction motors system with open-loop speed estimator. 
8.3.1.2 Vector controlled five-phase series-connected two motor drive: 
In this case both machines are vector controlled. Two vector controllers are used for 
control of series connected two motors. If the output currents of first controller for IM-1 are 
'OI ' 'AI 'C ' ' J I 'C ^"'l the output currents of second controller for IM-2 are Ci'hi^Ci'Ci'Ci 
then the resultant supply currents applied to the series-connected two motors are: 
(8.10) 
The simulation time for test is 2 sec. and both machines are loaded simultaneously at 
t=ls. The machines are running under acceleration transient from t=0.3s and 0.4s and steady-
state at no-load and load conditions. Both the machines are reversing from t=1.2s and 1.3s. 
Both the machines are running under different test condition to verify the decoupling of both 
'A ='al+'a2 
ic=Ci+C2 
h = ^ +4 
'« ~ h\ 
'D = Ci 
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machines. The corresponding test results are shown in Fig. 8.3(a) to (f)- Each test results show 
both reference and estimated speeds for IMl and IM2. I 
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Figure 8.3. Speed characteristics for vector-controlled series connected two five-phase 
induction motors system with open-loop speed estimator. 
8.3.2 Discussion of results 
Fig. 8.2(a) to (f) shows the test results for fixed voltage and fixed frequency supply 
fed series connected two five-phase induction motors system with open-loop speed estimator. 
In first test (a), IMl is running at 1500 rpm and IM2 at 1200 rpm and first machine is loaded 
at t=1.2s and second machine is loaded at t=1.0s. In (b), IMl is running at 1200 rpm and 1M2 
at 900 rpm. In (c), IMl is running at 1200 rpm and 1M2 at 0 rpm. In (d), IMl is running at 
1200 rpm and 1M2 at -900 rpm. In (e), IMl and IM2 both are running at 1200 rpm but in 
opposite direction. In (f), IMl and IM2 both are running at 1500 rpm but in opposite 
direction. | 
These test results shows that the estimated speeds are very close to the measured 
speeds. Only ripples are present in starting due to the presence of integrators in the estimators. 
The ripples in the responses are so small that can be eliminated. This discussion is true for 
both conditions i.e. when machine is running in forward direction or in reverse direction. 
These test results also shows that both machines IMl and 1M2 are independently controlled 
even in sensorless mode (open-loop). 
Fig. 8.3(a) to (f) shows the test results for vector controlled series connected two 
motor systems. In all test, IMl is set at ±1200 rpm and both machines are loaded at t=l .Os. In 
196 
Chapter 8: Sensorless control of a S-phase series-connected two motor drive 
first test (a), IM2 is set at ±1000 rpm. In (b), IM2 is set at ±500 rpm. In (c), IM2 is set at 0 
rpm. In (d), IM2 is set at +500 rpm. In (e), IM2 is set at + 1000 rpm. In (f), IM2 is set at 
+ 1200 rpm. In vector controlled results shows that the estimated speeds are also very close to 
the measured speeds. In vector controlled speed fluctuation is more as compare to fixed 
voltage and fixed frequency supply fed and is of 5 rpm. These test results again shows that 
both machines IMI and IM2 are independently controlled in vector controlled technique in 
sensorless mode (open-loop). 
8.4 MRAS-based speed estimator for series-connected two five-
phase induction motor drive 
The model reference scheme uses two independent machine models of different 
configuration to estimate the same state variable on the basis of different inputs. The 
estimator that does not involve the quantity to be estimated (i.e. rotor speed) is referred as a 
reference model. The other estimator, which involves the estimated quantity, is referred as an 
adaptive model. The error between the outputs of the two estimators is minimized by some 
appropriate adaptive mechanism that produces the estimated rotor speed. The schematic block 
of a MRAS based speed estimator is presented in Fig. 8.4. 
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Figure 8.4. Schematic block diagram of MRAS estimator used for two series-connected five-
phase induction motor drive system. 
In this estimator the outputs of the reference and the adaptive models denoted in Fig. 
8.4 by \f/^f^ and if/^^^ are two estimates of the rotor flux space vector, that are obtained from 
the machine model in the stationary reference frame. By letting <»„ = 0 the following two 
space vector equations are: 
(8.11) 
t<r='?s/r+ "* dt 
dy/^ 
0 = RrLr+ -' 
dt ' ->• 
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where v^^ and ijg are inverter voltage and current fed to both motors. 
Elimination of the stator flux vector and rotor current vector enables rotor flux vector to be 
expressed in the form of: 
dt 
dt 
'-r 
• TM 
'-m 
1 
— s 
- + ja 
f^s is - c r t - . 
di INV 
dt 
V. 
(8.12) 
Tr 
where L™ = two motor system mutual inductance, L™ = two motor system stator inductance, 
iJ^ = two motor system rotor inductance and R™ = two motor system resistance. 
The first equation of (8.12) can be used to calculate rotor flux space vector on the 
basis of the measured stator voltages and currents. The equation is independent of rotor speed 
and it therefore represents the reference model of Fig. 8.4. 
On the other hand, calculation of rotor flux from the second equation of (8.12) 
requires stator currents only and is dependent on the rotor speed. Hence the second equation 
of (8.12) represents the adaptive model of Fig. 8.4. 
By resolving equations (8.12) into two-axis components, the rotor flux components in 
the stationary reference frame are obtained as: 
Var" 
'Var' 
¥pr_ 
i 
'-r 
-m1 
INV 
'as 
INV 
y^ -
' - C - fi?/ 
0)r 
-c 
^ ^ • 
'>^ar' 
fflr_ 
\^Bp) 0 
0 (A + Bp) 
INV 
INV 
as 
INV 
-m1 
T; TM INV 
(8.13) 
1 H 
where ^ = R,i + R^j, B = a.(L,^^ + L,,2 + /-,„i), C = — and p = — 
If dt 
The angular difference between the two rotor flux space vector positions is used as the 
speed tuning signal (error signal). The speed tuning signal actuates the rotor speed estimation 
algorithm, which makes the error signal converge to zero. The adaptation mechanism of 
MRAS based speed estimation method is a simple PI controller algorithm. 
o)'" =Kpe + K,\edt (8.14) 
where the input of the PI controller is 
^=<^);v^'-</^vi^' (8.15) 
and Kp and K,- are any positive constants and e is error signal. In the expressions a = d 
and y9 = (y for first machine and a - x and /3 = y for second machine. 
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8.4.1 Simulation Results 
The drive configuration is same as discussed in section 8.3. Different simulation tests 
are performed in order to proof the independence of the control of the two machines even in 
sensorless mode (MRAS). The results obtained are presented in this section. Motor operation 
under base speed region is considered and the stator d-axis current references of both 
machines are constant at all times. Both machines are running under no-load and load 
conditions. Both machines can be operated in two ways: 
8.4.1.1 Fixed voltage and fixed frequency supply fed five-phase series-connected two 
motor drive: 
The drive configuration is same as discussed in section 8.3.1.1. The simulation time 
for test is 2 sec. and first machine is loaded at t=1.2s and second machine loaded at t=1.0s. 
The machines are running under acceleration transient and steady-state at no-load and load 
conditions. Both the machines are running under different test conditions to verify the 
decoupling of both machines even in sensorless mode. The corresponding test results are 
shown in figure 8.5(a) to (c). Each test results show both reference and estimated speeds for 
IMl and IM2. 
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(a) Inverter currents (b) Motor speeds (c) Motor torques 
Figure 8.5. Speed responses for fixed voltage and fixed frequency fed series connected 
two motors system with MRAS speed estimator. 
8.4.1.2 Vector controlled five-phase series-connected two motor drive 
The drive configuration is same as discussed in section 8.3.1.2. The simulation time 
for test is 2 sec. and both machines are loaded simultaneously at t=ls. The machines are 
running under acceleration transient from t=0.3s and 0.4s and steady-state at no-load and load 
conditions. Both the machines are reversing from t=1.2s and 1.3s. Both the machines are 
running under different test condition to verify the decoupling of both machines. The 
corresponding test results are shown in Fig. 8.6(a) to (c). 
Each test results show both reference and estimated speeds for IMl and IM2. 
E 
i . 
• 2 
1 . 
« 
-e 
Ul ll II 
1 
0 ! 01 OE 12 1< 16 IB : 
! a 
„, 
-
" h V } 
200 
Chapter 8: Sensorless control of a 5-phase series-connected two motor drive 
B 
e 
s 0 
I 2 
-6 
-a 
1 1 1 II 
1 
iiiiuii 
llwf i 
LII 11 1 
II' ir I ' f 
• 
I 
! . 
/r 
Ml 
M3 \ 
n 16 18 : 
I ° V 
M 
1° 
», ^_ 
_ 
n ^  
1 
02 0 4 0 6 fia 
e 
I , 
1 . 
Z 2 
1 . 
•e 
1 , i .. lliJ 
iuiu Ub iiuniyim 1 
minninni fl'ifii'iif||i[ 
II1 ill 
lUU 1 I M U A iiniiTi 
'mi 
ii 1 1 
0 0 ] 0* Oi OB t 12 14 16 ig 1 
I 0-
B 
I 
Ml 
Ml 
^ 
V 
u 
Y~ 
[\ • 
^ 
0 0.3 a* 06 oe 6 l a 7 
8 
S 
I , 
f 0 
« 
fl 
1, Lii 
1 nmi I^Hj inm 
•piWIJIIIII 
1. 1 02 04 OB 08 1 1? 14 IE 02 Zt 3G 
^ 
O; 04 06 OB 
(a) Inverter currents (b) Motor speeds (c) Motor torques 
Figure 8.6. Speed characteristics for vector-controlled series connected two motors 
system with MRAS speed estimator. 
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8.4.2 Discussion of results 
Fig. 8.5(a) to (c) shows the test results for fixed voltage and fixed frequency supply 
fed series connected two motor systems. The machines operates at six different test conditions 
which are (i) IMl is running at 1500 rpm and IM2 at 1200 rpm and first machine is loaded at 
t=1.2s and second machine is loaded at t=1.0s, (ii) IMl is running at 1500 rpm and IM2 at 
900 rpm, (iii) IMl is running at 1500 rpm and IM2 at 10 rpm, (iv) IMl is running at 1500 rpm 
and IM2 at -900 rpm, (v) IMl is running at 1500 rpm and IM2 at -1200 rpm (vi) IMl and IM2 
both are running at 1500 rpm but in opposite direction. 
When both machines are running at different test conditions, the corresponding 
currents supplied by inverter, their speeds and torques are shown in Fig. 8.5(a)-(c) 
respectively. Each speed response shows four different characteristics, two reference speeds 
and two estimated speeds for each machine. These test results shows that the estimated speeds 
are very close to the measured speeds. There is a little deviation in speed in acceleration 
transient period for higher speed (1500 rpm), This discussion is true for both conditions i.e. 
when machine is running in forward direction or in reverse direction. These test results also 
shows that both machines IMl and IM2 are independently controlled even in sensorless 
mode. 
A surprising behavior has been seen when one machine is running at higher speed and 
second machine is stalled (very low speed) then the current supplied by inverter is of 
oscillating nature. The current fluctuation is from +23 amp to -18 amp. This behaviour can 
also be seen in case of vector controlled series connected two motor drive systems when load 
is applied on machines. 
Fig. 8.6(a) to (c) shows the test results for vector controlled series connected two 
motor systems. In all test, IMl is set at ±1200 rpm and both machines are loaded at t=1.0s. In 
first test (i) IM2 is set at ±1000 rpm, (ii) IM2 is set at ±500 rpm, (iii) IM2 is set at 0 rpm, (iv) 
IM2 is set at + 500 rpm (v) IM2 is set at + 1000 rpm, and (vi) IM2 is set at + 1200 rpm. In 
vector controlled results shows that the estimated speeds are also very close to the measured 
speeds. These test results again shows that both machines IMl and IM2 are independently 
controlled in vector controlled technique in sensorless mode. 
8.5 Extended Luenberger Observer speed estimator for series-
connected two five-phase induction motor drive 
An observer can be classified according to the type of representation used for the plant 
to be observed. If the plant is considered to be deterministic, then the observer is a 
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deterministic observer; otherwise it is a stochastic observer. The most commonly used 
observers are Luenberger and Kalman types. The Luenberger observer (LO) is of the 
deterministic type and the Kalman filter (KF) is of the stochastic type. The basic Kalman filter 
is only applicable to linear stochastic systems, and for non-linear systems the extended 
Kalman filter (EKF) can be used, which can provide estimates of the states of a system or of 
both the states and parameters (joint state and parameter estimation). The EKF is a recursive 
filter, which can be applied to a non-linear time-varying stochastic system. The basic 
Luenberger observer is only applicable to a linear, time-invariant deterministic system. The 
extended Luenberger observer (ELO) is applicable to a non-linear, time-varying deterministic 
system. 
In summary it can be seen that both the EKF and ELO are non-linear estimators and 
the EKF is applicable to stochastic systems and the ELO to deterministic systems. The 
extended Luenberger observer (ELO) is an alternative solution for real-time implementation 
in industrial drive systems. The simple algorithm and the ease of tuning of the ELO may give 
some advantages over the conventional EKF. 
A full-order (fourth-order) adaptive state observer (Luenberger observer) which is 
constructed by using the equations of the induction machine in the stationary reference frame 
by adding an error compensator is used for speed estimation. In the full-order adaptive state 
observer the rotor speed is considered as a parameter, but in the EKF and ELO the rotor speed 
is considered as a state variable. It is shown that when the appropriate observers are used in 
high-performance speed sensorless torque controlled induction motor drive (vector controlled 
drives, direct controlled drives), stable operation can be obtained over a wide speed range, 
including very low speeds. 
A simulation study is performed for speed mode of operation, for a number of 
transients, and the results are presented in this section. A state observer is a model-based state 
estimator which can be used for the state and/or parameter estimation of a non-linear dynamic 
system in real time. In the calculations, the states are predicted by using a mathematical 
model, but the predicted states are continuously corrected by using a feed back correction 
scheme. The actual measured states are denoted by x and the estimated states byx. The 
correcfion term contains the weighted difference of some of the measured and estimated 
outputs signals (the difference is multiplied by the observer feedback gain, G). The accuracy 
of the state observer also depends on the model parameters used. The state observer is simpler 
than the Kalman observer, since no attempt is made to minimize a stochastic cost criterion. 
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To obtain the full-order non-linear speed observer, first the model of the induction 
machine is considered in the stationary reference frame, which can be described as follows: 
dt = Ax + Bv (8.16) 
and the output vector is 
is=Cx (8.17) 
By using the derived mathematical model of the induction machine, e.g. if the component 
form of the equations (8.16), is used, since this is required in an actual implementation and 
adding the correction term, which contains the difference of actual and estimated states, a full-
order state observer, which estimates the stator currents and rotor flux linkages, can be 
described as follows: 
dt 
Ax + Bv + G{i,-i,) (8.18) 
and the output vector is 
h=Cx (8.19) 
where A is a state matrix , B is the input matrix, G is the observer gain matrix, C is the output 
matrix, x is the state vector, v is the input vector, 4 stator current vector. 
Also the state matrix of the observer ( ^ ) is a function of the rotor speed, and in a speed-
sensorless drive, the rotor speed must be estimated. The estimated rotor speed is denoted 
by G>r, and in general ^ is a function of©^. The estimated speed is considered as a 
parameter in A, however in extended Kalman filter considered as a state variable. In eqns 
(8.16) and (8.17) the different terms are explained as follows: 
0 -11 
1 0 
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12 = diag{X^), is a second order identity matrix. 
O2, is a 2x2 zero matrix. 
In state matrix A , the different terms are as follows: 
L™ andL™ are the magnetising inductance and rotor self-inductance respectively, Lg is the 
stator transient inductance, T^ = L^ IR^ and T^ - L,. IR^ are the stator and rotor transient 
time constants respectively, and cr = 1 - (L™ )^  l{L™L™) is the leakage factor. 
1 
The observer gain matrix is defined as 
,93! 2 +9J_ 
which yields a 2x4 matrix. The four gains in G can be obtained from the eigen-values of the 
induction motor as follows: 
' s ' r 
9^=(k'-^)\ 
G = 
1 , ( 1 - ^ ) 
L L™ 
r TM I TNM 
'-s^m , "-m 
,TM m 
> + • 
LL TM 
,TM 
1 1 
' s ' r 
(8.21) 
9.=-{f<-V^r-fr^ 
'-r 
It follows that the four gains depend on the estimated speed, ej^  . By using eqn. (8.16) 
and (8.17) it is possible to implement a speed estimator which estimates the rotor speed of an 
induction machine by using the adaptive state observer shown in Fig. 8.7. 
I > ' Is ignal 
Speed estimator 
Figure 8.7. Adaptive speed observer (speed-adaptive flux observer) used for series connected 
two five-phase induction motor drive. 
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In Fig. 8.7 the estimated rotor flux-linkage components and the stator current error 
components are used to obtain the error speed tuning signal and given by equations: 
ij/ = ipf^ + j\pp^ and e = e ^ + ye^ . The estimated speed is obtained from the speed 
tuning signal by using a PI controller thus, 
Or *<^p(<Pprices -^ar^ps) + ^ , \(^pr^as ' V'ar^fis)^^ (8.22) 
where Kp and K, are proportional and integral gain constants respectively, e ^ = / - / 
and e^s = / INV ipg are the stator current errors respectively. The adaptation mechanism is 
similar to that as used in the MRAS-based speed estimators, where the speed adaptation has 
been obtained by using the state-error equations of the system considered. 
In the expressions a = d and P = q for first machine and a = x and P = y for 
second machine. 
8.5.1 Simulation Results 
The configuration of drive is same as discussed in section 5.3.1. Various simulation 
tests are performed in order to verify the independence of the control of the two machines. 
The results are reported in this section. Operation in the base speed region only is considered 
and the stator d-axis current references of both machines are constant at all times. Both 
machines are running under load conditions. Both machines can be operated in two ways: 
8.5.1.1 Fixed voltage and fixed frequency supply fed five-phase series-connected two 
motor drive: 
The test condition is same as before discussed in section 8.3.1.1. The simulation time 
for test is 2 sec. and both machines are loaded simultaneously at t=1.2s. The machines are 
running under acceleration transient and steady-state at no-load and load conditions. Both the 
machines are running under different test conditions to verify the decoupling of both 
machines. The corresponding test results are shown in figure 8.8(a) to (f). Each test result 
shows both reference and estimated speeds for IMl and IM2. i 
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Figure 8.8. Speed characteristics for fixed voltage and fixed frequency series connected two 
motors system with ELO based speed estimator. 
8.5.1.2 Vector controlled five-phase series-connected two motor drive 
Again the test conditions are same as explained in section 8.3.1.2. The simulation time 
for test is 2 sec. and both machines are loaded simultaneously at t=ls. The machines are 
running under acceleration transient from t=0.3s and 0.4s and steady-state at no-load and load 
conditions. 
Both the machines are reversing from t=].2s and 1.3s. Both the machines are running 
under different test condition to verify the decoupling of both machines. The corresponding 
test results are shown in Fig. 8.9(a) to (f). Each test results show both reference and estimated 
speeds for IMl and IM2. 
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Figure 8.9. Speed characteristics for vector-controlled series connected two motors system 
with ELO based speed estimator. 
207 
Chapter 8: Sensor/ess control of a S-phase series-connected two motor drive 
8.5.2 Discussion of results 
Fig. 8.8(a) to (f) shows the test results for fixed voltage and fixed frequency supply 
fed series connected two motor systems. In first test (a), IMl is running at 1500 rpm and IM2 
at 1200 rpm and both machines are loaded at t=ls. In (b), IMl is running at 1200 rpm and 
IM2 at 600 rpm. In (c), IMl is running at 900 rpm and IM2 at 0 rpm. In (d), IMl is running at 
1500 rpm and IM2 at -900 rpm. In (e), IMl and IM2 both are running at 1500 rpm but in 
opposite direction. In (f), IMl and IM2 both are running at 900 rpm but in opposite direction. 
These test results shows that when machine is running at higher speed then there is 
settling time delay of around 0.1 sec. Also under loading condition, a lOrpm difference can be 
seen. As the speed decreases the settling time delay decreases but ripples in response 
increases in both conditions i.e. no-load and load conditions. This discussion is true for both 
conditions i.e. when machine is running in forward direction or in reverse direction. These 
test results also shows that both machines IMl and IM2 are independently controlled even in 
sensorless mode. 
Fig. 8.9(a) to (f) shows the test results for vector controlled series connected two 
motor systems. In all test, IMl is set at ±1200 rpm and both machines are loaded at t=l .Os. In 
first test (a), IM2 is set at ±1000 rpm. In (b), IM2 is set at ±500 rpm. In (c), IM2 is set at 0 
rpm. In (d), IM2 is set at +500 rpm. In (e), IM2 is set at + 1000 rpm. In (f), IM2 is set at 
+1200 rpm. In vector controlled the settling time error is very small as compare to ideal 
supply fed machine. Also in vector controlled there is no speed error in loading condition. But 
when speed decreases then ripples in speed response increases under both forward and 
reversing conditions. These test results again shows that both machines IMl and IM2 are 
independently controlled in vector controlled technique in sensorless mode (ELO). 
8.6 Extended Kalman Filter speed estimator for series-
connected two five-phase induction motor drive 
An adaptive state observer (EKF observer) which is constructed by using the 
equations of the induction machine in the stationary reference frame by adding an error 
compensator is used for speed estimation. In the adaptive state observer EKF and ELO, the 
rotor speed is considered as a state variable. It is shown that when the appropriate observers 
are used in high-performance speed sensorless torque controlled induction motor drive (vector 
controlled drives, direct controlled drives), stable operation can be obtained over a wide speed 
range, including very low speeds. 
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Kalman filter takes care of the effects of the disturbance noise of a control system and 
the errors in the parameters of the system are considered as noise. The Kalman fiher can be 
expressed as a state model: 
x = Ax + Bu + U(t)w(t) (System equation) (8.23) 
y = Cx -\- v(t) (Measurement equation) (8.24) 
where 
U(t)= weight matrix of noise 
v(t) = noise matrix of output model (measurement noise) 
w(t)= noise matrix of state model (system noise) 
U(t), v{t), and w(f)are assumed to be stationary, white, and Gaussian noise, and 
their expectation values are zero. The covariance matrices Q and R of these noises are 
defined as: 
Q = cov ariance{w) = E{ww'} (8.25) 
R = cov ariance{v) = E{w') (8.26) 
where E{.} denotes the expected value. 
The basic configurafion of the Kalman filter is shown in Fig. 8.10. 
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Figure 8.10. The basic configuration of the Kalman filter observer used for two series 
coimected five-phase induction motor drive. 
The state equations of the Kalman filter can be made as follows: 
x = (A- KC)x + 8u + Ky (8.27) 
The Kalman filter matrix is based on the covariance of the noise and denoted byK. The 
measure of quality of the observation is expressed as follows: 
L, = I E { W/f) - xm'lxik) - x(k)]\= min (8.28) 
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The value of K should be such that as to minimize L^. The result of K is a recursive 
algorithm for the discrete time case. The discrete form of Kalman filter may be written by the 
following equations, in which all symbols denote matrices or vectors: 
(i) System state estimation: 
x(/c +1) = x(/c) + K(ff )(y(/c) - y(/c)) (8.29) 
(ii) Renew of the error covariance matrix: 
P(k +1) = P(k) - K(lf )/)'• (k + \)P(k) (8.30) 
(iii)Calculation of Kalman filter gain matrix: 
K(fc +1) = P* (/c + \)h^(k + 1)[/?(fc + 1)P' (/c + 1)h^{k +1) + RY'^ (8.31) 
(iv) Prediction of state matrix: 
m +1) = - | : (>a^x + B,v\ , . , „ , „ (8.32) 
(v) Estimation of error covariance matrix: 
P'(k +1) = f(k + ViP(k)f^{k +1) + Q (8.33) 
Discretization of (8.23) and (8.24) yields: 
x(k +1) = yflrf (k)x(k) + Brf (k)u(k) (8.34) 
y(k) = C,(k)x(k) (8.35) 
where K(k)\s the feedback matrix of the Kalman filter. K(k) gain matrix calculates 
how the state vector of the Kalman filter is updated when the output of the model is compared 
with the actual output of the system. The Kalman filter algorithm can also be used for 
nonlinear systems (e.g. induction motor). However, the optimal performance may not be 
obtained and it is impractical to verify the convergence of the model. To realize the recursive 
algorithm of the extended Kalman filter, a state model of the induction motor is required. 
After knowing the matrices ^ ^ , B^, and C^, the matrices x(k) (state prediction) and y(k) 
(output prediction) can be calculated. 
When rotor speed is considered as a state variable in the induction motor model, then 
an extended induction motor model is obtained and the rotor speed is considered as an 
extended state. The discrete induction motor model defined in equations (8.23) and (8.24) can 
be implemented in the extended Kalman filter algorithm. 
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If the system matrix, the input and output matrices of the discrete system are denoted 
hyA^, Bfj, and C^, while the state and the output of the discrete system are denoted by 
x(lf)and y(/f),then 
A^ = 
Bw 
0 
0 
0 
TIL, 
0 
0 
0 
0 
TL™l(L,L™Tj") coJL™l(L,L™) 0 
(TM TM> • TMT-TMI 1-r / r , -coju^iiL.LT) TL':i(L,urTr) 0 
TL™ IT™ 
0 
1-r/r, 
Tm^ 
0 
TU 
-T&r 
^-TlT™ 
0 
0 
TIL, 
0 
0 
0 
(8.36) 
Cw = 
1 0 0 0 0 
0 1 0 0 0 
x{k) = [i^ {k)i^ {k)v,,, (k}v^^, (k)o>, {k)y 
u{k) = [u^, {k)u^ {k)V, y{k) = [i^ {k)i^ {k)f 
where L, = oL, = (1 
iTM 
Lsl^r m 
)L s' r** -~^ n i.TM—m~2 ^"'^  ^ '^  ^^ ^ sampling time. 
The essential matrices and vectors for the recursive algorithm of the extended Kalman filter 
can be calculated, with the discrete system model. With the help of Matlab/Simulink 
program, speed estimation algorithm of the extended Kalman filter can be simulated, as 
shown in Fig.8.11. The execution of the S-function block is based on an M-file written as 
MATLAB code. 
KALMAN 
•FILTER - • SPEED 
M-File 
Figure 8.11. Simulink based extended Kalman filter speed estimator used for series connected 
two five-phase induction motor drive. 
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8.6.1 Simulation Results 
The results of the simulation given in this section are obtained using two identical 4-
pole, 50 Hz five-phase induction machines. The indirect vector controller for both machines is 
the same. Many simulation tests are performed in order to proof the independence of the 
control of the two machines in sensorless mode (EKF). The results obtained are reported in 
this section. Motor operation under base speed region is considered and the stator d-axis 
current references of both machines are constant at all times. Both machines are running 
under no-load and load conditions. Both machines can be operated in two ways: 
8.6.1.1 Fixed voltage and fixed frequency supply fed five-phase series-connected two 
motor drive: 
In this case also both machines are connected to same system as connected for 
previous cases. The simulation time for test is 2 sec. and both the machines are loaded 
simultaneously at t=1.2s.. The machines are running under acceleration transient and steady-
state at no-load and load conditions. Both the machines are running under different test 
conditions to verify the decoupling of both machines even in sensorless mode. The 
corresponding test results are shown in Fig. 8.12(a) to (c). Each test results show both 
reference and estimated speeds for IMl and IM2. 
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Figure 8.12. Current, Torque and Speed characteristics for fixed voltage and fixed frequency 
supply fed series connected two five-phase motors system with Kalman filter observer. 
8.6.1.2 Vector controlled five-phase series-connected two motor drive 
In this case also both machines are vector controlled and are connected in same way as 
was connected for previous case. The simulation time for test is 2 sec. and both machines are 
loaded simultaneously at t=ls. The machines are running under acceleration transient fiom 
t=0.3s and 0.4s and steady-state at no-load and load conditions. Both the machines are 
reversing fi"om t=1.2s and 1.3s. Both the machines are running under different test condition 
to verify the decoupling of both machines. The corresponding test results are shown in Fig. 
8.13(a) to (c). Each test results show both reference and estimated speeds for IMl and IM2. 
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Figure 8.13. Current, Torque and Speed responses for vector-controlled series connected two 
five-phase induction motors system with Kalman filter observer. 
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8.6.2 Discussion of results 
Fig. 8.12(a) to (c) shows the test results for fixed voltage and fixed fi-equency supply 
fed series connected two motor systems. The machines operates at six different test conditions 
which are (i) IMl is running at 1500 rpm and IM2 at 1200 rpm and both machines are loaded 
at t==1.2s. (ii) IMl is running at 1500 rpm and IM2 at 900 rpm, (iii) IMl is running at 1500 
rpm and IM2 at 10 rpm, (iv) IMl is running at 1500 rpm and IM2 at -900 rpm, (v) IMl is 
running at 1500 rpm and IM2 at -1200 rpm (vi) IMl and IM2 both are running at 1500 rpm 
but in opposite direction. 
When both machines are running at different test conditions, the corresponding 
currents supplied by inverter, their speeds and torques are shown in Fig. 8.12(a)-(c) 
respectively. Each speed figure shows four different characteristics, two reference speeds and 
two estimated speeds for each machine. These test results shows that the estimated speeds are 
very close to the measured speeds. There is a little deviation in speed in acceleration transient 
period. This discussion is true for both conditions i.e. when machine is running in forward 
direction or in reverse direction. These test results also shows that both machines IMl and 
IM2 are independently controlled even in sensorless mode. 
A surprising behavior has been noticed when one machine is running at higher speed 
and second machine is stalled (very low speed) then the current supplied by inverter is of 
oscillating nature. The current fluctuation is from +23 amp to -18 amp. This behaviour can 
also be noticed in case of vector controlled series connected two motor drive systems when 
load is applied on machines. 
Fig. 8.13(a) to (c) shows the test results for vector controlled series connected two 
motor systems. In all test, IMl is set at ±1200 rpm and both machines are loaded at t=1.0s. In 
first test (i) IM2 is set at ±1000 rpm, (ii) IM2 is set at ±500 rpm, (iii) IM2 is set at 0 rpm, (iv) 
IM2 is set at + 500 rpm (v) IM2 is set at + 1000 rpm, and (vi) IM2 is set at +1200 rpm. In 
vector controlled results shows that the estimated speeds are also very close to the measured 
speeds. These test results again shows that both machines IMl and IM2 are independently 
controlled in vector controlled technique in sensorless mode. 
8.7 Summary 
This chapter discusses a series-connected five-phase two-motor drive and provides full 
simulation verification of the possibility of independent fixed voltage and fixed frequency 
supply fed and vector control of the two machines in sensorless mode. A short review of the 
operating principles is provided. The emphasis is further placed on presentation of simulation 
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results for various transients (acceleration, deceleration and speed reversal). By presenting the 
results of series-connected two-motor five-phase drive it is fully verified that the control of 
the two series-connected machines is truly decoupled even in sensorless mode. 
The analysis in this chapter is limited to Open-Loop, Model Reference Adaptive 
System (MRAS), Extended Luenberger Observer (ELO) and Extended Kalman Filter (EKF)-
based sensorless control of a series-connected two-motor five-phase drive system, with 
current control in the stationary reference frame. Phase currents are controlled using 
hysteresis current control method. A simulation test is performed for speed mode of 
operation, for a number of operating conditions, and the results are presented in this chapter 
of the thesis. 
The investigated drive structure is applicable to all types of five-phase ac machine 
with sinusoidal flux distribution. It is believed that the best prospect for real-world industrial 
applications exists in the winder area, where the series-connected two-motor drive could 
provide a substantial saving on the capital outlay, especially if permanent magnet 
synchronous machines are used. Although the efficiency of the complete system remains 
affected by the series connection, there should be no need to de-rate the motors due to the 
increase in stator winding losses. 
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CHAPTER 9 
EXPERIMENTAL INVESTIGATION 
9.1 Introduction 
This chapter is devoted to the experimental proof of dynamic control of five-phase 
induction machine, supplied from a five-phase VSI and controlled using indirect rotor flux 
oriented control scheme. The chapter at first describes the experimental rig. This is followed 
by detailed presentation of experimental results. The variable frequency supply for five-phase 
machine drive is obtained from five-phase inverter, which is configured as a five-phase 
current controlled VSI. 
The first stage of experimental testing is related to five-phase induction motor drive 
configuration. The five-phase induction machine is tested first for the Volt per Hertz (V/f) 
open-loop and then closed loop control. The acceleration and deceleration transients are 
studied for a wide range of speeds. The performance for step loading and unloading is also 
investigated. 
Finally, dynamic performance of a sensorless controlled five-phase induction machine 
under indirect vector control condition is investigated. Acceleration, deceleration and 
reversing transients are studied for a wide range of speeds. The five-phase induction motor 
drive behavior for step loading and unloading is also examined. 
The dynamic performance of three-phase induction machine under IRPOC is also 
investigated for the purpose of comparison of results with the performance of sensorless 
controlled five-phase induction machine under IRFOC. 
9.2 Description of the experimental rig 
A five-phase inverter, five-phase motor and a drive control system constitute the main 
components of the experimental rig used in this thesis work. The five-phase VSI is 
commercially available industrial, 50 inverter power module (PEC 16 DS MO 13) supplied by 
Vi-Microsystems, Chennai, India. The complete simulink block diagram and block diagram 
of the drive system is shown in Fig. 9.1(a) and Fig. 9.1(b). The complete power electronic 
system of Fig. 9.2 is used in the work presented in this chapter. The five-phase drive is 
powered fi"om the common single-phase mains 220 V, 50 Hz supply. The drive comprises a 
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10-pack IGBT bridge (five-phase inverter), dynamic brake and a single-phase uncontrolled 
bridge rectifier with the dc link circuit. The power connections of the dc-bus are '+HV(FF)' 
for the positive rail and '-HV' for negative rail. This is an inverter with a total of 10 IGBT 
power switches and five output phases A, B, C, D and E. The five-phase VSI drive has an 
internal dynamic braking circuit with IGBT and associated control, along with an external 
braking resistor, which allows the excessive dc voltage to be suppressed during the braking 
period. The power circuit topology of the five-phase inverter is shown in Fig. 9.5. 
The purpose of the five-phase inverter is to control the phase currents and it behaves 
as a current source. The current controlled VSI operates at 10 kHz switching frequency. Each 
of the five-phase inverter phases has a Hall-effect current sensor (LEM) for measuring the 
output phase current. Hence all the five-phase currents are measured and made controllable. 
The measured inverter currents are sampled in such a way as to filter out the PWM current 
ripple. A total of 2" equidistant samples of the current are taken and averaged in each 
switching period. Current signals, which are now ripple-free, are further used for current 
control. The five-phase inverter controller is connected with DSP (Texas instruments 
TMS320F2812) shown in Fig. 9.3. The purpose of the DSP is to read the analogue signals 
representing the current references, to read the current feedback from LEM sensors, to 
perform the fiinction of digital phase current control and to produce necessary PWM pattern. 
Additionally, the DSP does the auxiliary functions such as the conditioning of the encoder 
pulses, communication, parameter settings, offset calibration etc. The DSP performs current 
control in the stationary reference frame using digital form of the ramp-comparison PWM, 
with the PI current controller in the most basic form. The structure of the current controller is 
shown in Fig. 9.6. If the current control is performed in the manner shown in Fig. 9.6, the 
phase current error cannot be driven to zero. The main control code, which performs indirect 
rotor flux oriented vector control, closed loop speed control and current mixing algorithm, is 
written in C-programming and/or assembly language and runs on a PC under Code Composer 
Studio platform. It is necessary to provide the C-code with the motor shaft positions and 
measured phase current values for subsequent post-processing of results. C-code sends the 
current references to the PEC 16 DS MO 13 drive in analogue form. 
The Simulink R2007a version has been used for the development of indirect vector 
control and sensorless control algorithm. The Simulink model is developed under real time 
work space and using target preferences. This model is converted into C-code using Code 
Composer Studio platform. The generated C-code is loaded in DSP TMS320F2812 for the 
controlled operation of five-phase induction motor drive. 
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Figure 9.1(b). The complete block diagram of a five-phase induction motor drive. 
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Figure 9.2. Experimental setup for five-phase induction motor drive. 
Figure 9.3. Experimental DSP TMS320F2812. 
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9.3 5 0 inverter power module (PEC16 DS MO 13) 
Power electronics is the technology of converting electric power from one form to 
another using electronic power device. In power converters, the power semiconductor devices 
fiinctions as a static switch operate without contacts. Inverter is one such converter, which 
converts DC voltage to variable AC voltage. The switch used for inverter operation is IGBT. 
This section explains in detail about the 5-phase inverter power module (PEC16DSM013). 
High Phase Order (HPO) drive system posses several advantages over conventional 
three-phase drive. However, till recently, not much progress had been made in the 
development of these drives because of the difficulty in obtaining suitable power supplies. 
The advent of thyristors and other power semiconductor devices has made HPO power 
supplies feasible. This has generated renewed interest in the development of machines having 
more than three-phases. 
By employing a higher number of phases one can reduce the amplitude and increase 
the frequency of torque pulsations in the drive. This ensures satisfactorily performance of the 
mechanical system of the inverter fed motor even at lower speed. Using the HPO concept, 
inverters of large power rating can be realized with existing semiconductor devices. It has 
also been established that the electrical efficiency of the inverter fed HPO motors are better 
compared to that of a three-phase motor. Increasing the number of phases will also improve 
the reliability since the drive can start and run even after the failure of one of the phases. The 
multi-phase drive concept is likely to remain limited to specialized high power applications 
because of increased component count and inverter complexity. 
The five-phase power module (PEC16DSM013) is shown in Fig. 9.4. and power 
circuit topology for five-phase induction motor drive is also shown in Fig. 9.5. 
The motor is equipped with a shaft position sensor (encoder). The encoder signals are 
sent to the PEC16DSM013 drives, where the DSPs perform the necessary signal processing. 
At the output of each PEC16DSM013 drive, simulated encoder pulses are generated. These 
signals are sent to the DSP board, where the FPGA circuit counts the encoder pulses and 
generates the motor shaft position in a digital form. The PC reads the shaft position and 
provides the necessary control actions. The DSP board uses four channels of A/D converter 
for data acquisition. Each 220(is four analogue current inputs are sampled. These A/D inputs 
are used to record the measured inverter phase currents namely A, B, C, D and E and to send 
them to the PC through the parallel port, where they are stored along with the rotor speeds, q-
axis current references. The whole experimental set up is shown in Fig. 9.2. 
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Figure 9.4. Experimental 5-pliase inverter power module (PEC 16 DS MO 13). 
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Figure 9.5. Power circuit topology for a five-phase induction motor drive. 
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9.4 Speed measurement quadrature encoder pulse unit (QEP) 
An Incremental Quadrature Encoder is a digital (angular) position sensor. The square 
wave of speed sensor output is feed to frequency to voltage converter circuit. The XR4151 
can be used as a frequency to voltage converter. The voltage applied to comparator input pins 
6 and 7 should not be allowed to go below ground by more than 0.3V. The input frequency 
range is 0 to 10 KHz and corresponding voltage output level is -lOmV to -lOV. In 
experimental module set the frequency to voltage converter with maxmum output of 2.5V at 
rated motor speed of 1500rpm. 
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shaft rotation 
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Figure 9.7. Quadrature Encoder Pulse Unit (QEP). 
A QEP unit is normally used to derive direction and speed information from an 
incremental encoder circuit mounted on a rotating shaft. As shown in the Fig. 9.6, two sensor 
signals are used to generate two digital pulse streams "Channel A" and "Channel B". The 
time relationship between A and B lead to a state machine with four states. Depending on the 
sequence of states and the speed of alternation, the QEP unit timer is decremented or 
incremented. By reading and comparing this timer counter information at fixed intervals, we 
can obtain speed and/or position information. The position resolution of speed sensor is 0/4 
degrees. 1 
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Figure 9.8. Increment/ decrement counter. 
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Figure 9.9. Incremental encoder connections (EVA). 
The third capture input pin "QEPIT'can be used as an absolute position information signal for 
a zero degree crankshaft position. This signal is then used to reset the QEP timer to its initial 
state. To enable the "QEPIl" index function set EXTCONA to 1. There are two more options, 
selected with EXTCONA: 
• Use index pulse "QEPIl" independent from the state of QEP 1 and QEP2. 
• Use index pulse "QEPIl" as a valid trigger pulse only if this event is qualified by the state of 
QEPl = 1 andQEP2= 1. i 
9.5 Detail of the motors used in the experiments 
The motors used in this experimental setup are a five-phase induction motor and an 
eddy current drive. The five-phase induction motor is cage type motor and having five-phase 
balanced winding. The five-phase induction motor is 2 HP, 420 V and 50 Hz. For the five-
phase machine the number of stator slots is 40 and the rotor has 28 unskewed slots. There are 
40 separate coils with double layer in the stator winding. The specification of five-phase 
motor is given in appendix A. The five-phase induction motor with eddy current loading used 
in the experiment is shown in Fig. 9.10. 1 
Eddy current drive is a combination of a constant speed AC induction motor, coupled 
to an eddy current clutch. The function of an eddy current clutch is to transmit a controlled 
torque from the induction motor (prime mover) to the load (driven machine). The medium of 
torque transmission is a controlled magnetic field, generated by a stationary field coil. 
Regulated power supply is used to convert a relatively small amount of AC power into a DC 
power in order to excite the field coil. 
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The eddy current brake load is of independent foot mounted construction having an 
input shaft, which can coupled to any standard foot mounted motor. The five-phase induction 
motor can be aligned on a common bed-plate and coupled to the input shaft of the eddy 
current brake by means of a suitable coupling. The loading arrangement is shown in Fig. 9.11. 
Figure 9.10. The five-phase induction motor with eddy current loading used in the 
experimentation. 
Figure 9.11. bddy current loading arrangement for five-phase induction motor drive. 
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The eddy current brake consists of input bracket, input shaft, bearings and drum 
mounted on the input shaft, output bracket with coil, output shaft and housing. 
A force meter is mounted on output shaft of eddy current loading arrangement. 
(0-30V) DC supply is used to energize the eddy current brake coil. 
The specification of eddy current brake: 
HP rating at 1500 rpm 
Synchronous speed 
Ventilation 
Coil voltage 
Coil current (max.) 
Ambient temperature 
Operating altitude 
Service factor 
2 
ISOOrpm 
open ventilation 
0 to 45V DC depends on brake loading 
2.5A for 0.5 HP to 2 HP 
-5 °C to 40 "C max 
below 1000 m 
1 
9.6 5-Phase AC Induction Motor Control Using Constant V/Hz 
Principle 
Because of advances in solid state power devices and microprocessors, variable speed 
AC Induction motors powered by switching power converters are becoming more and more 
popular. Switching power converters offer an easy way to regulate both the frequency and 
magnitude of the voltage and current applied to a motor. As a result much higher efficiency 
and performance can be achieved by these motor drives with less generated noises. The most 
common principle of this kind is the constant V/Hz principle which requires that the 
magnitude and fi-equency of the voltage applied to the stator of a motor maintain a constant 
ratio. By doing this, the magnitude of the magnetic field in the stator is kept at an 
approximately constant level throughout the operating range. Thus, (maximum) constant 
torque producing capability is maintained. When transient response is critical, switching 
power converters also allow easy control of transient voltage and current applied to the motor 
to achieve faster dynamic response. The constant V/Hz principle is considered for this 
application. The energy that a switching power converter delivers to a motor is controlled by 
Pulse Width Modulated (PWM) signals applied to the gates of the power transistors. PWM 
signals are pulse trains with fixed frequency and magnitude and variable pulse width. There is 
one pulse of fixed magnitude in every PWM period. However, the width of the pulses 
changes from period to period according to a modulating signal. When a PWM signal is 
applied to the gate of a power transistor, it causes the turn-on and turn-off intervals of the 
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transistor to change from one PWM period to another PWM period according to the same 
modulating signal. The frequency of a PWM signal must be much higher than that of the 
modulating signal, the fundamental frequency, such that the energy delivered to the motor and 
its load depends mostly on the modulating signal. 
Since the stator flux is maintained constant, independent of the change in supply 
frequency, the torque developed depends on the slip speed only. So by regulating the slip 
speed, the torque and speed of an AC Induction motor can be controlled with the constant 
V/Hz principle. 
Both open and closed-loop control of an AC five-phase induction motor can be 
implemented based on the constant V/Hz principle. Open-loop speed control is used when 
accuracy in speed response is not a concern such as in HVAC (heating, ventilation and air 
conditioning), fan or blower applications. In this case, the supply frequency is determined 
based on the desired speed and the assumption that the motor will roughly follow its 
synchronous speed. The error in speed resulted from slip of the motor is considered 
acceptable. When accuracy in speed response is a concern, closed-loop speed control can be 
implemented with the constant V/Hz principle through regulation of slip speed, where a PI 
controller is employed to regulate the slip speed of the motor to keep the motor speed at its set 
value. 
In actual implementation, the ratio between the magnitude and frequency of the stator 
voltage is usually based on the rated values of these variables, or motor ratings. However, 
when the frequency and hence also the voltage are low, the voltage drop across the stator 
resistance cannot be neglected and must be compensated. At frequencies higher than the rated 
value, the constant V/Hz principle also have to be violated because, to avoid insulation break 
down, the stator voltage must not exceed its rated value. This principle is illustrated in Fig. 
9.12. 
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Figure 9.12. Actual and modified voltage versus frequency curve under the constant V/Hz 
control. 
The profile in Fig. 9.12 is used except that a lower limit is imposed on frequency. This 
approach is acceptable to applications such as fan and blower drives where the speed response 
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at low end is not critical. Since the rated voltage which is also the maximum voltage is 
applied to the motor at rated frequency, only the rated, minimum and maximum frequency 
information is needed to implement the profile. 
9.7 Open-loop Volt/Hz control of 5-phase AC induction motor 
No feed back is required for open-loop control. Basic control suitable for open-loop 
systems are with simple loads such as fans. The examples of open-loop control are single 
speed with automatic shutoff and motor with manual multiple speed settings. The various 
open-loop Volt per Hertz control PWM pulses of five-phase induction motor are shown in 
Fig. 9.13. Fig. 9.13 (a) to Fig. 9.13 (e) show the PWM pulses of the same leg and Fig. 9.13 (f) 
to Fig. 9.13 (h) show the PWM pulses of the upper leg IGBT's only and Fig. 9.13 (i) to Fig. 
9.13 (j) show the PWM pulses of the lower leg IGBT's only. Since duty ratio of PWM pulses 
is varying, therefore the width of pulses is continuously varying and is not constant. 
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Figure 9.13. The PWM pulses output of an experimental five-phase inverter for V/F open-
loop control (a) PWM 1 and 2 (b) PWM 3 and 4 (c) PWM 5 and 6 (d) PWM 7 and 8 (e) 
PWM 9 and 10 (f) PWM 1, 3 and 5 (g) PWM 3, 5 and 7 (h) PWM 5, 7 and 9 (i) PWM 2, 4 
and 6 (j) PWM 4, 6 and 8 . 
The open-loop volt per Hertz control is implemented in two ways: 
(i) At no-load and (ii) At load ' 
In both cases speed of five-phase induction motor is fixed at 1500 rpm and DC link 
voltage is fixed at 300 volt. 
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9.1 A Volt per Hertz Open-Loop control at no-load condition: 
Under this condition, various responses are recorded and presented in this section. The 
Fig. 9.14(a) to 9.14(f) shows the five-phase motor input line voltages, F^  ,_3, F, ,.4, 
V, i_5,J^ , 3_4 and r, 3.5. The Fig. 9.15(a) Fig. 9.15(b) and shows the five-phase motor input 
line voltage V^ 3,4 with phase 'c' and 'd' currents. 
MPos; 10.12ms CH3 Tek J L ©i tcp MPos; 10.12ms CH3 
EB H ^ B M feu ' 
BW Limit ^ 1 ^ 1 ^ B ^ l ^ H ^ B bW Limit 
BB • • • • • • JP 
20MHz • • ^ B H ^ B H ivmi 
'•'n|t> 'Div 
Probe ^H^H ^H^H 
20X • • H H 
Voltage ^ 1 ^ 1 ^ I ^ B Volt.39e 
Inveit 
D 
M 500ms CH2/160mV M 5.00ms CH2 / 160mV 
CH3 lOOVBy 12-May-0815:11 <10Hi CHJ lOOVBw 12-May-0815;13 <10Hz 
(a) (b) I 
Tek JL •Stop MPos; 10.12ms CH3 Tek J L ©Stop MPos: 10.12ms CHS 
Coupling 
EB 
BW Limit [Q 
imHi ^ ^ H ^ ^ H I :^oMHi 
• •n l t s .D l " 
^ H ^ H ^ H 20K 
Voltage ^ ^ ^ B ^ ^ ^ | ^ ^ ^ B 
Invert B i ^ * ^ ^ ^ ^ ^ ^ 
BBl 
M 5 00ms CH2/160mV MS.OOtiK CH2 / 16umV 
CH^ lOOVEW 12-May-0815:16 <10Hz CH3 lOOVBy 12-May-0815:43 <10Hz 
(c) (d) 
T e k J L ©Stop MPos: 10,12ms CHS T e k J L ©Stop MPos: 10.12ms CH3 
4. 4- " 
Coupling Coupling 
BW Limit ^ ^ H ^ ^ H ^ H BW Limit 
. ^ I ^ ^ H . . . . J^^H . - ^ i ^ l VO't^  DA 
20h • ^ ^ H ^ ^ H 2nx 
Voltage H ^ ^ ^ | ^ ^ ^ | 
Inveit 
M 5.00ms CH2/160mV M 5.00ms CH2 / 160mV 
CH3 lOOVEy 12-May-0815:53 <10Hz CHS 100VEH,i 12-May-0815:56 <10Hz 
(e) (f) 
Figure 9.14. The five-phase motor input line voltage {d)V,^_^, {h)Vi ^_^„ (c)F^,_4, (d) F^  ,,3, 
( e ) F , 3 _ 3 , ( 0 F , , 4 _ 3 . 
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Figure 9.15. The five-phase motor input line voltage V, j , ^ with (a) phase 'c' current and (b) 
with phase 'd" current. | 
9.7.2 Volt per Hertz Open-Loop control at load condition: 
Under this condition various responses are presented in this section. The Fig. 9.16(a)-
(d) shows the five-phase motor input line voltage V, ^_^ and phase 'a' current at (a) no-load 
(b) at 0.2 A braking current (c) at 0.3 A braking current (d) at 0.4 A braking current. Under all 
conditions, the five-phase motor runs at 1500 rpm speed. The Fig. 9.17(a)-(c) show the five-
phase motor input line voltage V,, , and phase "c' current at (a) 0.2 A braking current (b) 0.3 
A braking current (d) 0.35 A braking current, running at a constant speed of 1500 rpm. The 
Fig. 9.18(a)-(c) shows the five-phase motor input line voltage F^  4,5 and phase 'e' current at 
(a) 0.2 A braking current (b) 0.3 A braking current (d) 0.35 A braking current, running at a 
constant speed of 1000 rpm. The Fig. 9.19(a)-(c) shows the five-phase motor input line 
voltage F^  4,5 and phase 'e" current at (a) 0.2 A braking current (b) 0.3 A braking current (d) 
0.35 A braking current, running at a constant speed of 500 rpm. 
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Figure 9.16. The five-phase motor input line voltage V, , , and phase 'a' current at (a) no-
load (b) at 0.2 A braking current (c) at 0.3 A braking current (d) at 0.4 A braking current, 
running at 1500 rpm speed. 
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Figure 9.17. The five-phase motor input line voltage Vj ^_^ and phase 'c' current at (a) at 0.2 
A braking current (b) at 0.3 A braking current (c) at 0.35 A braking current, running at 1500 
rpm speed. 
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Figure 9.18. The five-phase motor input line voltage F, ^_^ and phase 'e' current at (a) at 0.2 
A braking current (b) at 0.3 A braking current (c) at 0.35 A braking current, running at 1000 
rpm speed. 
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Figure 9.19. The five-phase motor input line voltage V^ ^^ j and phase 'e' current at (a) at 0.2 
A braking current (b) at 0.3 A braking current (c) at 0.35 A braking current, running at 500 
rpm speed. i 
9.7.3 Speed characteristics of five-phase induction motor for open-loop 
V/Hz control under no-load: 
In this section number of speed responses are presented under Volt per Hertz open-
loop control at no-load. Each speed characteristics shows reference and actual speed 
responses. The Figs. 9.20(a) and 9.20(b) shows multi-step rise and multi-step fall of speed 
response at no-load. The Fig. 9.20(c) shows one-step rise and one-step fall and Fig. 9.20(d) 
shows four-step rise and one-step fall of speed response at no-load and Fig. 9.20(e) shows 
one-step rise of five-phase induction motor with volt per hertz open-loop control at no-load. It 
is observed from speed responses shown in Figs. 9.20(a)-(e) that at low speed the error 
between reference and actual speed is high and speed error decreases as the motor speed 
increases. This is due to open-loop V/Hz control of motor. These speed responses are 
recorded using front end software. 
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Figure 9.20. Speed responses of a five-phase induction motor with V/Hz open-loop control at 
no-load (a) step rising (b) step falling (c) one step rise and one step fall (d) four step rise and 
one step fall (e) one step rise. , 
9.7.4 Speed characteristics of five-phase induction motor for open-loop 
V/Hz control under load: , 
The speed responses presented here are Volt per Hertz open-loop control at load 
condition. The speed response (one step) of five-phase induction motor with V/f open-loop 
control at low load (0.25 A braking current) is shown in Fig. 9.21(a). Under steady-state 
condition, motor is running at 1415 rpm. When a low load (0.25 A braking current) is applied, 
the speed reduces to 1410 rpm and speed reduces to 1400 rpm when a rated load (0.3 A 
braking current) is applied as shown in Fig. 9.21(b). When motor is over loaded (0.35 A 
braking current) then speed reduces to 1345 rpm and corresponding response is shown in Fig. 
9.21(c). In all conditions the reference speed is set to 1500 rpm. The Fig. 9.21(d) shows the 
speed response at 1000 rpm (set speed) of five-phase induction motor with V/f open-loop 
control at rated load (0.3 A braking current), under this condition steady-state speed is 950 
rpm and after the application of load speed becomes 935 rpm. The Fig. 9.21(e) shows the 
speed response at 500 rpm (set speed) of five-phase induction motor with V/f open-loop 
control at rated load (0.3 A braking current), under this condition steady-state speed is 470 
rpm and after the application of load speed becomes 442 rpm. The Fig. 9.21(f) shows the 
235 
Chapter 12: Experimental Investigation 
speed response at 300 rpm (set speed) of five-phase induction motor with V/Hz open-loop 
control at rated load (0.3 A braking current), under this condition steady-state speed is 285 
rpm and after the application of load speed becomes 255 rpm. 
(e) (f) 
Figure 9.21. Speed responses of five-phase induction motor with V/Hz open-loop control at 
(a) low load (0.25 A braking current) (b) nominal load (0.3 A braking current) (c) over load 
(0.35 A braking current) (d) nominal load (0.3 A braking current) and lOOOrpm (e) nominal 
load (0.3 A braking current) and 500 rpm (f) nominal load (0.3 A braking current) and 300 
rpm. 
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9.8 Closed-loop Volt/Hz control of 5-phase AC induction motor 
This section covers the details of the second implementation closed-loop speed control 
with V/Hz principle for five-phase induction motors. The PWM technique is the same, though 
a different implementation method is used. The closed loop speed control is based on the 
classical Proportional-Integral (PI) controller. In closed loop control rotor position and/or 
speed is determine from one or more sensors. It is used for accurate speed measurement and 
control of machine. Two types of closed-loop control are possible sensored and sensorless. 
The block diagram of closed loop control is shown in Fig 9.22. ' 
DC Supply 
Constant VJHz 
' • % < > ^ 
> ^ 
PI speed controller 
O Speed sensor 
Figure 9.22. Closed-loop PI speed control based on constant V/Hz. 
The various closed-loop Volt per Hertz control PWM pulses are shown in Fig. 9.23. 
The Fig. 9.23(a) to Fig. 9.23(e) show the PWM pulses of the same leg and Fig. 9.23(f) to Fig. 
9.23(h) show the PWM pulses of the upper leg IGBT's only and Fig. 9.23(i) and Fig. 9.230) 
show the PWM pulses of the lower leg IGBT's only. Since duty ratio of PWM pulses is 
varying, therefore the width of pulses is continuously varying and is not constant. 
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Figure 9.23. The PWM pulses output of an experimental five-phase inverter for V/F closed 
loop control (a) PWM 1 and 2 (b) PWM 3 and 4 (c) PWM 5 and 6 (d) PWM 7 and 8 (e) 
PWM 9 and 10 (f) PWM 1, 3 and 5 (g) PWM 3, 5 and 7 (h) PWM 5, 7 and 9 (i) PWM 2, 4 
and 6 0) PWM 4, 6 and 8 . 
The closed-loop volt per Hertz control is also implemented in two ways: 
(ii) At no-load and 
(iii) At load 
In both cases speed of five-phase induction motor is fixed at 1500 rpm and DC link 
voltage is fixed at 300 volt. 
9.8.1 Volt per Hertz Closed-Loop control at no-load condition: 
Under this condition, various responses are recorded and presented in this section for 
V/Hz closed-loop operation. The Fig. 9.24(a)-(f) shows no-load five-phase motor input line 
voltage with phase current (a) F^  ,.3 and ' /„' (b) F^  ,,3 and i^ (c) V^^^_^ and /„ (d) F^,_, and i^ 
(e)K,^ 3_4and i^ (f)F,_3_5and /;. 
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Figure 9.24. The no-load five-phase motor input line voltage with phase current (a) V, ,_3 and 
' ' • / (b)f i^,,-3and z; (c)F, ,_,and /„ (d)F, ..^and /„ (e)F,3_,and /; (f) "^^ ,,3-5 and /;. 
9.8.2 Volt per Hertz Open-Loop control at load condition: 
Under this condition various responses are presented in this section for closed-loop 
V/Hz control at load condition. The Fig. 9.25(a)-(c) show the five-phase motor input line 
voltage Vj,_, and phase 'a' current at (a) 0.2 A braking current (b) 0.3 A braking current (c) 
0.35 A braking current. Under all conditions, the five-phase motor runs at 1415 rpm speed. In 
closed-loop speed control, the set speed and actual speed are equal in all conditions. The Fig. 
9.26(a)-(c) show the five-phase motor input line voltage F^  ,_4 and phase 'a' current at (a) 
0.2 A braking current (b) 0.3 A braking current (c) 0.35 A braking current, running at a 
constant speed of 1415 rpm. The Fig. 9.27(a)-(c) show the five-phase motor input line voltage 
F^  3_5 and phase 'e" current at (a) 0.2 A braking current (b) 0.3 A braking current (c) 0.35 A 
braking current, running at a constant speed of 1415 rpm. In all the responses of Fig. 9.25 to 
Fig. 9.27, it is observed that as the braking current increases (i.e. load increases) the phase 
current magnitude increases. The Fig. 9.28(a)-(c) show the five-phase motor input line 
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voltage F^  ,,3 and phase 'a' current at 0.3 A braking current and running at (a) 1000 rpm (b) 
700 rpm and (c) 300 rpm. 
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Figure 9.25. The five-phase motor input line voltage V, ,,3 and phase 'a' current at (a) at 0.2 
A braking current (b) at 0.3 A braking current (c) at 0.35 A braking current, running at 1415 
rpm speed. \ 
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Figure 9.26. The five-phase motor input h'ne voltage F^  ,_4 and phase 'a' current at (a) at 0.2 
A braking current (b) at 0.3 A braking current (c) at 0.35 A braking current, running at 1415 
rpm speed. , 
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Figure 9.27. The five-phase motor input line voltage F, 3,5 and phase 'e' current at (a) at 0.2 
A braking current (b) at 0.3 A braking current (c) at 0.35 A braking current, running at 1415 
rpm speed. 
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Figure 9.28. The five-phase motor input line voltage F^  ,_^  and phase 'a' current at 0.3 A 
bralcing current and running at (a) 1000 rpm (b) 700 rpm and (c) 300 rpm. 
9.8.3 Speed characteristics of five-phase induction motor for closed-loop 
V/Hz control under load: 
For closed-loop V/Hz control, various speed transients is presented in this section. 
One-step speed response of five-phase induction motor with V/Hz closed-loop control at rated 
load (0.3 A braking current) is shown in Fig. 9.29(a). The set and actual speed is 1415 rpm. 
The Fig. 9.29(b) shows multi-step rise of speed of five-phase induction motor at rated load. 
The Fig. 9.29(c) shows two-step rise of speed of five-phase induction motor at rated load. The 
Fig. 9.29(d) shows multi-step fall of speed of five-phase induction motor at rated load. The 
Fig. 9.29(e) shows two-step rise and two-step fall of speed of five-phase induction motor at 
rated load. The Fig. 9.29(f) shows one-step rise and multi-step fall of speed of five-phase 
induction motor at rated load. The Fig. 9.29(g) shows multi-step rise and one-step fall of 
speed of five-phase induction motor at rated load. 
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Figure 9.29. Speed responses of five-phase induction motor with V/Hz closed-loop control at 
nominal load (0.3 A braking current) (a) one step rise (b) multi-step rise (c) two step rise (d) 
multi-step fall (e) two step rise and two step fall (f) one step rise and multi-step fall (g) multi-
step rise and one step fall. 
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It is clear from Fig. 9.29(a) to 9.29(g) that the actual speed and set speed is locked 
under steady-state conditions. Also all characteristics show some settling time which depends 
on Kp and Ki of speed controller. It can also be concluded from the responses that rise/fall 
time increases as step-size increases. These speed characteristics have been recorded using 
front end software. 
9.9 Transient performance of a sensorless control of vector 
controlled five-phase induction motor drive 
A series of experimental tests are performed in order to examine the dynamic 
performance of a five-phase induction motor operating under sensorless control of vector 
controlled five-phase induction motor drive. The drive is operated in the base speed region 
(constant flux) with constant stator d-axis current reference (2.0 A RMS). The q-axis current 
is limited to 5 A RMS. The speed commands are given to the motor through the keyboard of 
the PC. The programs are executed; phase current references are generated and sent to the 
DSPs, which then perform necessary current control calculations and send switching signals 
to the inverter. The results of the experimental study are illustrated for all transients by 
displaying the speed response, stator d- and q-axis current references, actual phase current, 
rotor position and a and /3 components of voltages. A step speed command is initiated in all 
the cases. There is no inertia wheel fitted to the motor. It can operates under no-load and load 
conditions. All the transients are taken from the DAC outputs of DSP TMS320F2812. 
Acceleration transients, starting from 50 rpm, are shown in Fig. 9.30. The step speed 
command is 500 rpm, 1000 rpm, and 1435 rpm, respectively. Typical behaviour of sensorless 
control of vector controlled five-phase induction motor is observed, with rapid stator q-axis 
current reference build up corresponding to almost instantaneous torque build up. Three 
different types of characteristics speed, current and Id and Iq are shown in Fig.9.30. 
The second test is a deceleration transients illustrated in Fig.9.31.The motor is 
decelerated from 500 rpm, 1000 rpm, and 1435 rpm, respectively, down to 50 rpm speed. The 
same quality of performance as for the acceleration transient is obtained. The speed, current 
and Id and Iq characteristics are shown in Fig.9.31. 
Next, reversing performance of the drive is investigated. Transitions from 1435 rpm to 
-1435 rpm, 1000 rpm to -1000 rpm and 500 to -500 rpm are depicted in Fig.9.32. Prolonged 
operation in the stator current limit results in all the cases, leading to rapid change of direction 
of rotation. The speed, current. Id and Iq and rotor position characteristics are shown in 
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Fig.9.32 when motor is reversing from forward to backward direction. Fig.9.33 shows the 
different characteristics when motor is reversing from backward to forward direction i.e. 
transitions from -1435 rpm to +1435 rpm, -1000 rpm to +1000 rpm and -500 to +500 rpm. 
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Figure 9.30. Acceleration transients of a five-phase induction motor drive: 
(a) 50 to 500 rpm, (b) 50 to 1000 rpm, (c) 50 to 1435 rpm. 
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Figure 9.31. Deceleration transients of a five-phase induction motor drive: 
(a) 500 to 50 rpm, (b) 1000 to 50 rpm, (c)1435 to 50 rpm. 
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Figure 9.32. Reversing transients of a five-phase induction motor drive (forward to 
backward): (a) +1435 to -1435 rpm, (b) +1000 to -1000 rpm, (c) +500 to -500 rpm. 
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Figure 9.33. Reversing transients of a five-piiase induction motor drive (backward to 
forward ): (a) -1435 to +1435 rpm, (b) -1000 to +1000 rpm, (c) -500 to +500 rpm. 
Next transition is performed in three-steps. In first step motor accelerate from 50 rpm 
to 1435 rpm, 50 rpm to lOOOrpm and 50 rpm to 500rpm at no-load. In second step, reversing 
from +1435 rpm to -1435 rpm, +1000 rpm to -1000 rpm and +500 rpm to -500 rpm will take 
place and in the last step deceleration from -1435 rpm to -50 rpm, -1000 rpm to -50 rpm and -
-500 rpm to -50 rpm will take place. All the transients are shown in Fig.9.34. 
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One more transition is performed in three steps. First, motor will accelerate from 50 
rpm to 1435 rpm, 50 rpm to lOOOrpm and 50 rpm to 500rpm at no-load. Second a step loading 
is applied to motor in steady-state period. Lastly, motor is reversing from +1435 rpm to -1435 
rpm, +1000 rpm to -1000 rpm and +500 rpm to -500 rpm. All the corresponding transients are 
shown in Fig.9.35. 
The rotor position transients of a five-phase induction motor drive from +500 rpm to -
500 rpm, +1000 rpm to -1000 rpm and +1435 rpm to -1435 rpm are also shown in Fig. 9.36. 
The output of the Clarke transformation module i.e. F^andF^ transients of a five-phase 
induction motor drive is shown in Fig. 9.37. The F^andF^ transients are for +500 rpm, -500 
I 
rpm, +1000 rpm, -1000 rpm, +1435 rpm, and -1435 rpm. 
Tek J l . • ' * 
CM2 lOOV MSXOf CH2A800mV 
18-Aug-« 1 6 ^ <-10Hi 
CB2 100V M 5 « « rH2J1600mV 
18-AU9-W1628 <nH 
CH2 100V M5JMI CH2Jl8[)0mV 
18-Aw-(»1623 ^1>t 
(Speed characteristics) 
Tek J l - • I * Hfoi.imix mmn Tek JL • ' > * Mfw.(uMOi *CQUB£ Xek J \ . • s t i » MIMCUTOS cm 
cm 200V MSJOl CM2A80CmV 
18-*U9-08155e CIOHJ 
CH2 2MV M5JKH CH2 A SOOmV 
18-Airt-0816 00 Mr\ 
(Current characteristics) 
MSXOf CH</-6S*I1V 
CH< 2.00V 2<-Au9-0e 1 2 « 1 OSOTStm . 
MPoiOOOOi CH2 T e k J L 
Couplmq 
CH2 lOOmv MiSOl H i 
0 0 5.00'. 21-«w-0e 21J! 1 w. 
CH2 ICOmi M2.Stl> tO UX 
21-*g8-0e 2128 »• 
CH2 lOOmV M 2.501 
i"Hi 500V J1-«w-0e2130 
{IJ and /^characteristics) 
Figure 9.34. Acceleration, reversing and deceleration transients of a five-phase induction 
motor drive under no-load: (a) 50 to 1435 to -1435 to -50 rpm, (b) 50 to 1000 to -1000 to -50 
rpm, (c) 50 to 500 to -500 to -50 rpm. 
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Figure 9.35. Acceleration and reversing transients of a five-phase induction motor drive 
under no-load and load: (a) 50 to 1435 to -1435 rpm, (b) 50 to 1000 to -1000 rpm, (c) 50 to 
500 to -500 rpm. 
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Figure 9.36. Rotor position transients of a five-phase induction motor drive: (a) + 1000 rpm 
and -500 rpm, (b) + 1000 rpm and -1000 rpm, (c) + 1435 rpm and -1435 rpm. 
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Figure 9.37. V^ and F^ transients of a five-phase induction motor drive: 
(a) + 500 rpm and -500 rpm, (b) + 1000 rpm and -1000 rpm, (c) + 1435 rpm and -1435 rpm. 
9.10 Transient performance of a vector controlled three-phase 
induction motor drive , 
For the purpose of comparison of the performances of five-phase induction motor 
drive, the performance of IRFOC three-phase induction motor is also investigated. The 
various transients of IRFOC based three-phase induction motor are presented in this section. 
The acceleration transients, starting from 100 rpm, are shown in Fig. 9.38. The step speed 
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command is 500 rpm, 1000 rpm, and 1415 rpm, respectively. Typical behaviour of vector 
controlled three-phase induction motor is observed. Three different types of characteristics 
speed, current and Id and Iq are shown in Fig.9.3 8. 
The second test is a deceleration transients illustrated in Fig.9.39.The motor is 
decelerated from 500 rpm, 1000 rpm, and 1415 rpm, respectively, down to 100 rpm speed. 
The same quality of performance as for the acceleration transient is obtained. The speed, 
current and Id and Iq characteristics are shown in Fig.9.39. I 
Next, reversing performance of the drive is investigated. Transitions from 1415 rpm to 
-1415 rpm, 1000 rpm to -1000 rpm and 500 to -500 rpm are depicted in Fig.9.40. Prolonged 
operation in the stator current limit results in all the cases, leading to rapid change of direction 
of rotation. The speed, current. Id and Iq and rotor position characteristics are shown in 
Fig.9.40 when motor is reversing from forward to backward direction. ' 
One more transition is performed in three steps for vector controlled three-phase 
induction motor drive. First, motor will accelerate from 100 rpm to 1415 rpm, 100 rpm to 
1000 rpm and 100 rpm to 500 rpm at no-load. Second a step loading is applied to motor in 
steady-state period. Lastly, motor is reversing from +1415 rpm to -1435 rpm, +1000 rpm to -
1000 rpm and +500 rpm to -500 rpm. All the corresponding transients are shown in Fig.9.41. 
The phase voltages of three-phase induction motor are also presented in Fig.9.42. The phase 
voltages are V^andV^, V^andV^ and V^andV^. I 
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Figure 9.38. Acceleration transients of a three-phase induction motor drive: 
50 to 500 rpm, (b) 50 to 1000 rpm, (c) 50 to 1435 rpm. 
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Figure 9.39. Deceleration transients of a three-phase induction motor drive: 
(a) 50 to 500 rpm, (b) 50 to 1000 rpm, (c) 50 to 1435 rpm. 
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Figure 9.40. Reversing transients of a three-phase induction motor drive (forward to 
backward): (a) +1435 to -1435 rpm, (b) +1000 to -1000 rpm, (c) +500 to -500 rpm. 
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Figure 9.42. V^andV^, V^andV^ and V^andV^ transients of a three-phase induction motor 
drive when running at 1435 rpm. 
It is observed from the transient performance analysis of sensorless control of vector 
controlled five-phase induction motor drive, that, the five-phase motor can run at a minimum 
speed of 50 rpm, while the transient performance analysis of vector controlled three-phase 
induction motor drive shows that a three-phase motor runs at a minimum speed of 100 rpm 
satisfactorily. This analysis concludes that a five-phase induction motor can run in a lower 
speed range in vector controlled mode as compare to three-phase induction motor, which is 
already stated in chapter 3. 
9.11 Summary 1 
This chapter has detailed the experimental investigation related to five-phase induction 
motor drive. The experimental setup is described first. The five-phase VSI is commercially 
available industrial, 50 inverter power module (PEC16DSM013) supplied by Vi-
Microsystems, Chennai, India. The five-phase supply is used to run five-phase induction 
machine. 
Experiments are conducted on the five-phase induction motor drive under V/Hz 
control and sensorless vector control. The transients examined are acceleration, deceleration, 
reversing and disturbance rejection. Full decoupling of flux and torque control is achieved, 
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thus validating the simulation results of Chapter 3. Therefore, the theoretical foundations, laid 
down in Chapter 3, are confirmed experimentally. 
For the comparison of experimental results of five-phase induction motor drive, the 
results of a vector controlled three-phase induction motor drive has been investigated. The 
results of vector control of three-phase and sensorless control of vector control five-phase 
induction motor drive are in excellent agreement. 
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CHAPTER 10 
CONCLUSIONS and FUTURE WORKS 
10.1 Conclusions 
This thesis deals with various aspects of the single five-phase and two five-phase 
motors series-connected drive systems, fed using a single current-controlled pulse width 
modulated voltage source inverter. Modelling and control of a five-phase induction machine 
is reviewed first. It can be seen fi-om the developed model that only two stator current 
components are responsible for torque and rotor flux production while other components are 
non flux/torque producing. These additional degrees of freedom are further utilized to connect 
in series the other machine in such a way that the flux/torque producing current components 
of one machine become non flux/torque producing currents for the other machine and vice 
versa. This is enabled by an appropriate phase transposition of the phases of the stator 
windings. The vector control then enables independent flux and torque control of each 
machine in two-motor drive system, as well as an independent control of two machines with 
respect to each other. 
The potential application area for this drive configuration has been identified, where it 
may offer considerable saving in the installed inverter power when compared to the standard 
solution with two three-phase motors and two three-phase VSIs. The area includes processes 
where the two motors are required to operate in the constant power mode, with opposing 
requirements on rotational speeds and torques. Such a situation arises in winders. In winder 
applications one machine typically operates at low speed (low voltage) with high torque (high 
current) while the other machine operates at high speed (high voltage) with low torque (low 
current). Thus the situation may be such that the total stator copper losses remain less than or 
equal to the rated value, hence avoiding the need for de-rating of the machines. The total 
\osses compared to the conventional three-phase two-motor drive, would still be higher. 
However, the rating of the five-phase VSI may be kept approximately equal to the rating of 
just one three-phase VSI, thus enabling saving in the installed power. 
A complete mathematical model of the five-phase voltage source inverter has been 
reviewed. The model is developed on the basis of space vector representation and the results 
obtained are verified using the available literature on modelling of five-phase inverters. 
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Current control schemes for three-phase inverters are reviewed and speed and current 
controllers are designed for the single five-phase motor drive. The current control is exercised 
upon the phase currents of the drive. Performance of a vector controlled single five-phase 
induction motor drive, obtainable with hysteresis current control and ramp-comparison 
control methods, is evaluated and illustrated for a number of operating conditions on the basis 
of simulation results. Full decoupling of rotor flux control and torque control was realised by 
both current control techniques under the condition of a sufficient voltage reserve. Dynamics, 
achievable with a five-phase vector controlled induction machine, are identical to those 
obtainable with a three-phase induction machine. Steady state analysis of stator voltages and 
currents under no-load conditions is performed as well. 
A novel mathematical model for two-motor five-phase series-connected drive is 
reviewed. The model is at first constructed in phase variable form. Clark's transformation in 
power invariant form is then applied to develop a set of decoupled equations. Application of 
appropriate rotational transformations leads to corresponding models in stationary and 
arbitrary reference frames. Vector control scheme is explained next for the two-motor drive 
system. The simulation is done for various transients using a single current-controlled PWM 
voltage source inverter with hysteresis current control in stationary reference frame. 
Simulations were performed using novel d-q model in stationary reference frame, in order to 
validate the modelling procedure. A completely independent control of two machines is 
observed from the simulation results. 
The major shortcoming of the five-phase two-motor drive system is the increase in the 
stator winding losses due to flow of flux/torque producing current of both machines through 
stator windings of both machines. As x-y components of current do not flow in the rotor the 
rotor copper losses are not affected. The higher losses mean lower efficiency of individual 
machines and will lead to reduction of efficiency of the overall drive system, compared to an 
equivalent three-phase drive system. This drawback is significant in the five-phase two-motor 
drive system since both machines are affected. This shortcoming of the five-phase two-motor 
drive prevents its application in general-purpose drives. 
Sensorless vector control of five-phase induction motor and two five-phase induction 
motors is further investigated. Information about speed is required by the vector controller 
due to its dependence on co-ordinate transformation. Speed estimator is necessary for speed 
mode of operation. Criteria for selection of speed estimator are also independent of the 
operation of the vector controller. 
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Various rotor speeds and slip frequency estimators are obtained by considering tlie 
voltage equations of the five-phase induction machine. The schemes explained in the thesis 
use the monitored stator voltages and currents or the monitored stator currents and 
reconstructed stator voltages. In general, the accuracy of open-loop estimators depends greatly 
on the accuracy of the machine parameters used. At low rotor speed, the accuracy of the open-
loop estimator is reduced, and in particular, parameter deviations from their actual values 
have great influence on the steady-state and transient performance of the derive system which 
uses an open-loop estimator. Furthermore, high accuracy is achieved if the stator the stator 
flux is obtained by a scheme which avoids the use of pure integrators. 
The MRAS based speed estimation is also investigated in the thesis. The model 
reference approach makes use of two independent machine models of different structure to 
estimate the same state variable on the basis of different sets of inputs variables. The 
estimator that does not involve the quantity to be estimated (here, the rotor speed) is 
considered as a reference model. The other estimator, which involves the estimated quantity, 
is regarded as an adjustable (adaptive) model. The error between the outputs of the two 
estimators is used to drive a suitable adaptive mechanism that generates the estimated rotor 
speed for the adjustable model. When the estimated rotor speed in the adjustable model 
attains the correct value, the difference between the output of the reference model and the 
output of the adjustable model becomes zero. The estimated rotor speed is then equal to the 
actual rotor speed, under ideal conditions. The most frequently used scheme has rotor flux 
space vectors at the output of the reference and the adjustable model. However, other 
solutions are possible as well. Four rotor speed observers using the Model Reference 
Adaptive System have been described in the thesis. The outputs of the two models may be 
rotor flux space vectors, back e.m.f, reactive power and artificial intelligence assisted. The 
appropriate adaptation mechanism can be derived by using Popov's criterion of hyperstability. 
This results in a stable and quick response system, where the differences between the state-
variables of the reference model and adaptive model are manipulated into a speed tuning 
signal, which is then an input into a Pl-type of controller, which outputs the estimated rotor 
speed. Artificial Intelligence assisted MRAS speed estimators do not contain any 
mathematical adaptive model, and the adaptation mechanism is incorporated into the tuning 
of the appropriate artificial Intelligence based network (which can be a neural network, a 
fijzzy-neural network, a wavelet network, etc.). 
The attainable performance are examined by simulation and compared. It is shown 
that the dynamic behaviour, obtainable with the indirect vector control, is the same as it 
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would have been had a three-phase machine been used. Rotor flux and torque control are fiilly 
decoupled, enabling the fastest possible accelerations and decelerations with the given torque 
limit. The comparison of results for different MRAC schemes shows that the performance 
obtained with ANN assisted MRAC technique are much better than other schemes. 
The artificial intelligence based speed estimation has been explained in the thesis . It is 
possible to perform the simulations and also implementations of estimators, controller, etc. (in 
real time) by using artificial-intelligence (Al)-based techniques e.g. artificial intelligence 
networks (ANN), fuzzy-logic systems, fuzzy-neural networks, neural-wavelet networks, etc., 
which do not require a mathematical model of the machine and drives system. Such a system 
is not restricted by the many assumptions used in conventional electrical machine and linear 
control theories. It can also yield the results more quickly than by using the conventional 
approach. 
The artificial neural networks (ANN) can be used for different types of artificial-
intelligence-based speed and position estimators. It is believed that this type of approach will 
find increasing application in the future. This is mainly due to the fact that the development 
time of such an estimator is short and the estimator can be made robust to parameter 
variations and noise. Furthermore, in contrast to all conventional schemes, it can avoid the 
direct use of a speed-dependent mathematical model of the machine. The ANN schemes 
presented is a part of a Model Reference Adaptive System (MRAS). In this system, the ANN 
takes the role of the adaptive model. 
The conventional schemes require the use of a mathematical model for the adaptive 
model. However, greater accuracy and robustness can be achieved if this mathematical model 
is not used at all and instead, an artificial-intelligence-based non-linear adaptive model is 
employed. It is then also possible to eliminate the need for the separate PI controller, since 
this can be, integrated into the tuning mechanism of the appropriate artificial-intelligence 
based model. 
The thesis also describes the speed estimator performance under fault conditions. The 
induction motor parameters are affected by variations in the temperature and the saturations 
levels of the machine. Incorrect settings of parameters of the motor are instrumented in the 
controller. The estimators will show poor performance in terms of steady-state error and 
transient oscillations of rotor flux and torque. As a result, parameter sensitivity has been 
treated as a secondary matter in a vector controlled induction motor drives system. The 
tracking capability of an estimator is one of the important factors. The performance of 
an estimator is evaluated in terms of convergence of the estimated rotor speed to the actual 
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rotor speed. An estimator is said to have good tracking capability if the estimated value 
can track the actual value at high and even at close to zero speed. Using the same 
parameters in the induction motor and of the speed estimator, the tracking performance of 
the estimator can be examined by changing the motor parameters. The thesis describes the 
speed estimator performance under parameter {R^,R^,L^,L^andJ) variation and fault 
(single phasing) condition. 
Various types of speed observers are explained in the thesis, which can be used in 
high-performance induction machine drives. These include a full-order (fourth-order) 
adaptive state observer (Luenberger observer) which is constructed by using the equations of 
the induction machine in the stationary reference frame by adding an error compensator. In 
the full-order adaptive state observer the rotor speed is considered as a parameter, but in the 
EKF and ELO the rotor speed is considered as a state variable. It is shown that when the 
appropriate observers are used in high-performance speed sensorless torque controlled 
induction motor drive (vector controlled drives, direct controlled drives), stable operation can 
be obtained over a wide speed range, including very low speeds. This chapter presents a 
detailed study of a full order Luenberger observer and extended Kalman filter based 
sensorless control of a five-phase induction motor drive and then comparison between the 
performances of an adaptive flux observer and those of an extended Kalman filter-based 
algorithm, used to estimate the rotor flux components, and so the rotor speed. Simulation 
results have shown the superior performances of Kalman filter with respect to adaptive 
observer. 
Sensorless operation of a vector controlled three-phase induction machine drive is 
broadly discussed in the literature, but the same is not correct for multi-phase induction 
machine. Only few application of sensorless operation of multi-phase machine is presented in 
the literature. The difficulties associated with the position sensor in 'more-electric' aircraft 
fuel pump fault tolerant drive is highlighted in literature. 
Although several schemes are available for sensorless operation of a vector controlled 
drive, but the simplest is the open-loop scheme because of ease of their realization. An 
attempt is made in the thesis to extend the different sensorless techniques of a three-phase 
machines and five-phase machines to series-connected two-motor five-phase drive system. 
The analysis is here limited to Open-Loop, MRAS, ELO and EKF-based sensorless 
control of a series-connected two-motor five-phase drive system, with current control in the 
stationary reference frame. Phase currents are controlled using hysteresis current control 
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method. A simulation test is performed for speed mode of operation, for a number of 
operating conditions, and the results are presented in this chapter of the thesis. 
The thesis is also devoted to the experimental proof of dynamic control of five-phase 
induction machine, supplied from five-phase VSI and controlled using indirect rotor flux 
oriented control scheme. The chapter at first describes the experimental rig. This is followed 
by detailed presentation of experimental results. The variable frequency supply for five-phase 
machine drive is obtained from five-phase inverter, which is configured as a five-phase 
current controlled VSI. The first stage of experimental testing is related to five-phase 
induction motor drive configuration. The five-phase induction machine is tested first for the 
Volt per Hertz (V/f) open-loop and then closed loop control. Finally, dynamic performance of 
a sensorless controlled five-phase induction machine under indirect vector control condition is 
investigated. The transients investigated are acceleration, deceleration, reversing and 
loading/unloading for all type of control. The dynamic performances of three-phase induction 
motor are also investigated for the purpose of comparison with five-phase motor performance. 
By comparing the work described in this thesis with the research objectives listed in 
section 1.5 it can be concluded that all the set goals have been achieved successfully. 
10.2 Future works 
This thesis explores the feasibility of independent control of five-phase and five-phase 
two-motor drive systems, fed from a single five-phase current regulated PWM voltage source 
inverter in sensorless mode. Since both drive structures are novel, it is believed that there is 
plenty of scope for further research. Some possible directions are the following: 
• Investigation of the feasibility of using parallel connection of multi-phase machines, with 
supply coming again from one VSI. 
• An evaluation of the overall efficiency of the multi-motor drive systems for specific 
applications. 
• Investigation into fault tolerant properties of single and five-phase two-motor drive 
systems. 
• Experimental verification of sensorless control of multi-phase multi-motor system. 
• The analysis can be performed for torque controlled multi-phase motor systems. 
In the thesis, the problem of pure integration, related to DC drift and initial value, has 
been ignored, although pure integrators have been used in stator flux estimator and speed 
estimator. Further work with alternatives for pure integrators being used in flux and speed 
estimators should be done in the future. Alternative stator flux estimators, which are less 
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sensitive to accuracy of the measured voltage and current, and variation of stator resistance, 
should be utilised in the direct torque controller for future research. Compensation for 
detuning of stator flux and torque estimation due to the variation of stator resistance with 
temperature should also be researched. Novel modifications for the classical switching table 
to provide high quality of flux response at low speed and torque response at high speed should 
also be designed. 
In the future, it is expected that computational power and memory will get still 
cheaper leading to realization of more powerful control techniques. It will be possible to make 
a totally automatic control system which will derive a mathematical model of the plant by 
providing some test signals at the input, or obviate the need for a plant model by using an 
intelligent control technique like ANNs. It will be possible to identify the required 
parameters, decide on the control strategy and self-commission the drive. For induction motor 
drives, it will be possible to have an accurate estimate of the speed without using a speed 
sensor. Motion control will also have to deal with nonlinear systems, and this would require 
further maturity of base technologies like nonlinear adaptive control theory, fiizzy logic and 
ANNs. 
One may find many references in the literature regarding the study of the speed 
sensorless estimation techniques. However most of the study performed by the previous 
researchers only focuses on a particular type of control structure such as direct field oriented 
control. Therefore, a various structure of induction motor drive controls should be taken into 
consideration when working with speed sensorless estimation such that the results are robust 
for all type of controls. 
The ANN techniques presented in this thesis can be implemented experimentally in 
future and the results can be compared with the theoretical simulation results. Some more 
ANN based MRAS least square schemes can be investigated. The number of inputs and 
number of layers of ANNs selected for speed estimation can be further increased. This would 
of course increase the complexity of adaptation mechanism. The study must utilize 
standard/common criteria for comparison to obtain justified results. Adaptation mechanism 
tuning constitutes parts of the problem related to estimator implementation. Its level of 
difficulty varies with estimators and requires a lot of time to determine the appropriate values 
for the gains. Therefore, a study on the tuning of the adaptation mechanism using different 
type of controller such as PID, Fuzzy and Fuzzy-PI etc can be carried out in conjunction with 
the above suggestion. This effort will help to solve the difficulty in tuning the adaptation 
mechanism for MRAS based speed sensorless estimation. 
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APPENDIX A: 
FIVE-PHASE INDUCTION MOTOR DATA 
f rated ~ 2 HP 
Nrated = 1435 rpm 
TeratecT 8.0 N . m 
Vrated= 220 V 
IratecT 2.0 A 
J = OmSkgm^ 
Frequency= 50 Hz 
Star connected 
Pole-pair = 2 
Rs = 9.5 Q. 
Rr = 6.0Q 
Z^ = 0.4IH 
I/, = 0.040mH 
Lir = 0.040 mH 
i{/s„ = 0.99 Wb (peak) 
Ls = 0.45 H 
I , = 0.45H 
^^ = 0.57w6 
277 
Appendix B: Publication from the thesis 
APPENDIX B: 
PUBLICATION FROM THE THESIS 
REFEREED JOURNAL PAPERS; 
1. M. Rizwan Khan, Atif Iqbal and Mukhtar Ahmad, "MRAS-Based Sensorless 
Control of A Vector Controlled Five-Phase Induction Motor Drive" Electric 
Power Systems Research, Volume 78, Issue 8, pp. 1311-1321, August 2008. 
2. M. Rizwan Khan and Atif Iqbal "MRAS-Based Sensorless Control Of Series-
Connected Five-Phase Two-Motor Drive System " Korian Journal of Electrical 
Engineering and Technology, vol. 3, No. 2, pp. 224-234, 2008. 
3. M. Rizwan Khan and Atif Iqbal, "Speeds Estimation of Series-Connected Five-
Phase Two-Motor Drive System Using Adaptive Flux Observers" Asian Power 
Electronics Journal, Kef. No. 181 (Acceptedfor Publication). 
4. M. Rizwan Khan and Atif Iqbal, "Predictive Adaptive Model Based Control Of A 
Five-Phase Induction Motor Drive" ACTA-Press, Ref No. 205-5080 (Accepted for 
Publication) 
5. M. Rizwan Khan and Atif Iqbal, "Extended Kalman Filter Based Speeds 
Estimation Of Series-Connected Five-Phase Two-Motor Drive System" 
Simulation Modelling Practice and Theory, Manuscript No. SIMPAT-D-08-262 
(under review). 
6. M, Rizwan Khan, Atif Iqbal, Shaikh Moinuddin and Mukhtar Ahmad, "A Novel n-
Phase AC Machine Stator Design" IEEE Transaction on Energy Conversion 
Manuscript No. TEC-00169-2008 (Under Review). 
7. M. Rizwan Khan, Atif Iqbal and Mukhtar Ahmad, "Modified Euler Integration 
Based Control of A Five-Phase Induction Motor Drive" Inder Science Publisher 
Ref No. IJPEC-5647 (Under Review). 
8. M. Rizwan Khan and Atif Iqbal "Speed Estimation Of A Vector Controlled Five-
Phase Induction Motor Drive Using Extended Kalman Filter" The Icfai 
278 
Appendix B: Publication from the thesis 
University Journal of Electrical and Electronics Engineering, India, Vol. 1, No. 1, pp. 
7-17, January 2008. 
9. M. Rizwan Khan and Atif Iqbal "Speeds Estimation Of Series-Connected Five-
Phase Two-Motor Drive System Using Open-Loop Estimator" The Icfai 
University Journal of Electrical and Electronics Engineering, India, Vol. 1, No. 3, pp. 
01-22, 2008. 
10. M. Rizwan Khan, Atif Iqbal and Mukhtar Ahmad "Comparison Between Adaptive 
Flux Observer And Extended Kalman Filter-Based Algorithms For Sensorless 
Vector Controlled Five-Phase Induction Motor Drive i-manager's Journal on 
Electrical Engineering, India, Vol. I, No. 2, pp. Oct-Dec. 2007. 
11. M. Rizwan Khan, Atif Iqbal and Mukhtar Ahmad "RNN-Based Sensorless Control 
of A Five-Phase Induction Motor Drive" i-manager's Journal on Electrical 
Engineering, India, Vol. I, No.l.pp 16-24, Sept. 2007. 
12. M. Rizwan Khan, Atif Iqbal and Mukhtar Ahmad "Fault Analysis Of A Five-Phase 
Induction Motor Drive" i-manager 's Journal on Electrical Engineering, India, Vol. 
I, No. 3, pp 36-44, Jan-March, 2008. 
13. M. Rizwan Khan, Atif Iqbal and Mukhtar Ahmad "An MRAS-Based Sensorless 
Control Of A Five-Phase Induction Motor Drive With A Predictive Adaptive 
Model" Journal of Systems Science & Engineering, System Society of India (Under 
Review). 
REFEREED CONFERENCE PAPERS; 
14. M. Rizwan Khan and Atif Iqbal " MRAS-Based Sensorless Control of Vector 
Controlled Five-Phase Synchronous Reluctance Motor Drive-A Simulation 
Study" IEEE International Conference on Power Electronics, Drives and Energy 
Systems, PEDES-06, New Delhi, India, 2C-12, Dec 12-15, 2006,. 
15. M. Rizwan Khan, Atif Iqbal and Mukhtar Ahmad, "Artificial Intelligence -Based 
Sensorless Control of A Vector Controlled Five-Phase Induction Motor Drive" 
IEEE International Conf. on Recent Advancement and Applications of Computer in 
Electrical Engineering (RACE), Bikaner, India, CD_ROM paper, 24-25 March,2007. 
279 
Appendix B: Publication from the thesis 
16. M. Rizwan Khan, Atif Iqbal and Mukhtar Ahmad, "Observer-Based Sensorless 
Control of A Vector Controlled Five-Phase Induction Motor Drive" IEEE 
International Conf. on Modeling and Simulation, Kolkata, India, MS-057, December 
3-5, 2007. 
17. M. Rizwan Khan, Atif Iqbal and Mukhtar Ahmad, "Open-loop Sensorless Control 
Of A Five-Phase Induction Motor Drive" 31^' National Systems Conference, NSC-
07, MIT, Manipal, Kamataka, India, P-21, Dec 14-15, 2007. 
18. M. Rizwan Khan, Atif Iqbal and Mukhtar Ahmad, "Closed-loop Sensorless Control 
Of A Five-Phase Induction Motor Drive" 31^' National Systems Conference, NSC-
07, MIT, Manipal, Kamataka, India, P-20, Dec 14-15,2007. 
19. M. Rizwan Khan and Parvez Khan "Digital Signal Processor For Motion Control-
An Overview" National Conference on Modern Trends in Electronics and 
Communication Systems, MTECS-2008, ZHCET, AMU, Aligarh, India, March 8-9, 
2008. 
20. M. Rizwan Khan and S. M. Javed "Digital Control Of A Three-Phase Induction 
Motor-A Research" National Conference on Modern Trends in Electronics and 
Communication Systems. MTECS-2008. ZHCET, AMU, Aligarh, India, March 8-9, 
2008. 
280 
ABSTRACT 
Multi-phase ac motor drives are strong candidature for variable speed application, 
due to numerous advantages that they offer when compared to their three-phase 
counterparts. Variable speed induction motor drives without mechanical speed sensors at 
the motor shaft have the attractions of low cost and high reliability. To replace the sensor, 
information of the rotor speed is extracted from measured stator currents and voltages at 
motor terminals. In most drive systems (speed and torque controlled), closed loop control is 
used in which shaft encoder is used for measurement of speed/position of the motor. 
However, in a compact drive system it is very difficult and expensive to use speed sensors 
for speed measurement (e.g. submarine applications). The cost of system can be reduced by 
eliminating the speed sensor and connection cables, and so the consistency and ruggedness 
of the overall drive system increases. Vector-controlled drives require estimating the 
magnitude and spatial orientation of the fundamental magnetic flux waves in the stator or in 
the rotor. Open-loop estimators and closed-loop observers are used for this purpose. They 
differ with respect to accuracy, robustness, and sensitivity against model parameter 
variations. The second part of this thesis analyses operation of an Open-loapr^ r^odfel 
Reference Adaptive System (MRAS), Artificial Intelligence(AI), Luenberger Observer and 
Kalman Filter Observer based sensorless control of vector controlled five-phase induction 
machine and series-connected two five-phase machines with current control in the 
stationary reference frame. The sensorless operation of a three-phase induction machine is 
well established and the same principle is extended in this thesis for a five-phase induction 
machine and series-connected two five-phase machines. Performance, obtainable with 
hysteresis current control, is illustrated for a number of operating conditions on the basis of 
simulation results. Full decoupling of rotor flux control and torque control is realised in 
both type of configuration of the drive systems. The independent control of each five-phase 
motor in a five-phase two-motor drive system using a Volt per Hertz control and vector 
control scheme is also realized. Dynamics, achievable with a five-phase and series-
connected two five-phase vector controlled induction machines, are presented to be 
essentially identical to those obtainable with a three-phase induction machine. 
Finally, an experimental rig is described, which utilises a five-phase inverter, five-
phase motor and DSP TMS320F2812. An analysis of the motor's performance within the 
five-phase drive is presented and it is compared with performance of a three-phase motor 
drive. The experimental results fully verify the existence of full decoupling of rotor flux 
control and torque control of five-phase drive using sensorless schemes. 
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